
04 08  2016

✔



' f SIU Sclwol of Medicine 

December 22, 2015 

Defense Technical Information Center 

8725 John J Kingman Rd ., Ste 0944 

Fort Belvoir, VA 22060-6218 

As required, enclosed is the final technical report for Award N00014-13-1-0569, "Cell source and 

mechanism of hair cell regeneration in the neonatal mouse cochlea", PI, Cox. As required, this report 

has also been sent to the technical representative and the Chicago administrative office. If you have any 

questions concerning the report, please contact me. 

Pamela Burk 

Grants and Contracts Administrator 

217-545-8174 

pburk@siumed.edu 

Office of the Associate Dean for Research and Faculty Affairs 
Southern Illinois University School of Medicine 1 801 North Rutledge Street 1 PO Box 19616 

Springfield, Illinois 62794-9616 1 (217) 545-7936 1 Fax: (217) 545-0786 
www.siumed.edu/ adrfa 



I. Heading: Final Report Period April1, 2013- September 30, 2015 

II. 

' ' · 

'· 

Ill. 

A. PI: Brandon C. Cox bcox@siumed .edu 
B. Southern Illinois University, School of Medicine, Springfield IL 62702 
C. Award# N00014-13-1-0569 
D. Cell source and mechanism of hair cell regeneration in the neonatal mouse cochlea 

Scientific and Technical Objectives 

Specific Aims: 
Aim 1: To determine the cell source of regenerated hair cells in the neonatal mouse cochlea. 
Aim 2: To determine the mechanism of hair cell regeneration in the neonatal mouse cochlea. 

Non-mammalian vertebrates such as birds, fish , and amphibians can regenerate hair cells (HCs) after damage. 
This occu rs when neighboring supporting cells (SCs) produce new HCs by either a change in cell fate (termed direct 
transdifferentiation) or by cell division (termed mitotic regeneration) . In contrast, damage to auditory HCs, caused 
by noise exposure or other factors, is permanent in humans and other mature mammals. However, we have 
recently developed a novel method to damage HCs in the neonatal mouse cochlea in vivo and observed 
spontaneous HC regeneration . Regenerated HCs are similar to endogenous HCs expressing espin+ stereocilia and 
several HC markers, including prestin, a protein specific to outer HCs that is necessary for the amplification of 
sound. Our findings demonstrate that, in contrast to common belief, the neonatal mouse coch lea does have the 
capacity to regenerate HCs after damage and is one step closer to regenerating HCs in humans. This award was 
focused on further investigation of the cell source, mechanism, and genes involved in the HC regeneration process 
that occurs in the neonatal mouse cochlea . During the funding period, we completed the origina l Aim 1 using fate­
mapping to demonstrate that SCs act as the cell source of regenerated HCs in the neonatal mouse cochlea . 
However there are seven SC subtypes in the cochlea and little is known about the capacity of individual subtypes 
to convert into HCs. We thus expanded Aim 1 to investigate which SC subtypes have the abil ity to act the cell 
source of regenerated HCs. Aim 2's focus has not changed from the original proposal and is focused on the 
molecular mechanism which underlies the HC regeneration process in the neonatal mouse cochlea . 

Approach 
The proposed approach for Aim 1 used mouse genetics to fate-map SCs during the HC regeneration process. We 
have continued to use mouse genetics for this approach but the specific genetic strategy was changed from the 
original design. To fate-map SCs as a group we used HesS-nlslacZ knock-in mice {lmayoshi et al. , 2010) since LacZ 
is strongly expressed in the majority of SCs within the cochlea. The HesS-nlslacZ mouse was bred with Atoh1-
CreER::Rosa26-loxP-stop-loxP-DTA mice to trace LacZ+ SCs after HCs were killed by expression of the toxin, DTA. 
We also collaborated with Dr. Alan Cheng at Stanford University to perform similar fate-mapping experiments in 
his model of neonatal HC damage (see section V) . As mentioned in section II we expanded Aim 1 to fate-map 
individual SC subtypes. To achieve this we created an Atoh1-rtTA mouse line so that the tetracycline inducible 
system could be used to kill HCs (by combining Atoh1-rtTA with TetO-DTA mice which will express DTA in HCs and 
cause cell death) . This allows the use of the Cre/loxP system to fate-map individual SC subtypes. Unfortunately 
this strategy was problematic (explained in section V) and we changed our strategy to use the recently developed 
Pou4f3DTR mouse line to kill HCs. Pou4f3DTR mice express the human diphtheria toxin receptor (DTR) in HCs. 
Selective HC death is induced by injection of diphtheria toxin. We combined Pou4f3°TR mice with three different 
CreER mouse lines to target different SC subtypes for fate-mapping during the HC regeneration process. The 
proposed approach for Aim 2 did not changed. We used gene expression arrays during the HC regeneration 
process and validated these changes using immunostaining and qPCR. 



IV. Concise Accomplishments 
The study demonstrating that the neonatal mouse cochlea can spontaneously regenerate HCs after damage and 
that SCs are the cell source of regenerated HCs based on fate-mapping studies was published (Cox et al. , 2014 
Development) . This publication was the first to demonstrate that HC regeneration can occur in mammals. To 
expand the fate-mapping studies in Aim 1 to individual SCs subtypes, we generated the needed tetracycline 
inducible mouse model (Atoh1-rtTA) . Characterization of Atoh1-rtTA mice showed it to be HC-specific using two 
different TetO-reporter lines (published in Cox et al., 2014 Sci Reports) . The Atoh1-rtTA mouse line is the first to 
specifically target HCs using the tetracycline inducible system and provides a powerful tool for the field . We then 
bred Atoh1-rtTA mice with TetO-DTA mice and gave doxycycline to induce expression of DTA and to cause HC 
death. Unfortunately, no HC death was observed in Atoh1-rtTA::Tet0-DTA mice. We therefore imported the 
Pou4f3°TR mouse line from the University of Washington to induce HC death by injection of diphtheria toxin . To 
determine wh ich CreER lines would be the most useful to fate-map SCs subtypes, we modified the reporter line 
and tamoxifen induction paradigm for four CreER lines (Pip-CreER, Prox1-CreER, FGFR3-iCreER, and Sox2-CreER). 
Publication of this work is planned for submission to the Journal of the Association for Research in Otolaryngology 
before the end of 2015. Two ofthese lines (Pip-CreER and Prox1-CreER) have proven to be useful in targeting two 
sets of SC subtypes and a new Cre line (GLAST-CreER) was recently demonstrated to target a third subset of SC 
subtypes (Mellado Lagarde et al., 2014) . The actual fate-mapping of SC subtypes using Pou4f3°TR mice (to kill HCs) 
bred with these Cre/loxP mouse lines (to fate-map three different SC subtypes during the HC regeneration 
process) are still in progress. For Aim 2, analysis of the gene expression arrays suggested that the Notch pathway 
is involved. We validated these results using real-time qPCR and immunostaining. Specifically we observed 
decreased expression of the Notch ligands Delta1, Jagged1 and Jagged2, as well as the Notch target genes, 
Heyl, Heyl, and HesS. This data was used to apply for, and successfully obtain, a 3 year grant from the 
Department of Defense's Congressionally Directed Medical Research Program (CDMRP) under the 
Neurosensory and Rehabilitation Research Award (award #W81XWH-15-1-0475). 

V. Expanded Accomplishments: 
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Figure 1. Fate mapping of SCs in the AtohlDTA model. (A, B) X-Gal staining (blue) in HesS-nlslacZ cochlea at Pl. Cochlear turns are 
labeled as apical (A), middle (M) and basal (B) . (C-H) Confocal images of the apical turn of HesS-nlslacZ mice at Pl. LacZ expression 
is detected with anti- ~ -gal antibody (green) and is specific to SCs. HCs are labeled by parvalbumin (PVALB; magenta) . Deiter' s cells 
(DC), outer pillar cells (OPC) and inner pillar cells (I PC) are labeled by Proxl (blue) . (1-K) Confocal images of LacZ+ (green) HCs 
(Myo7a, magenta) in the apical turn of AtohlDTA::HesS-nlslacz•!- mice at P2 . (L) Cross-section focused on the LacZ+ HC labeled by 
the arrow in 1-K. (M) Cross-section of a littermate control at P2, in which all LacZ+ cells are in the SC nuclear layer. Scale bars : 200 
11m in A,B; 10 11m in C-M. 

Aim 1: To kill HCs in the neonatal mouse cochlea in vivo, we used a HC-specific inducible Cre line, Atoh1-CreER, to 
drive expression of diphtheria toxin fragment A (DTA) . When tamoxifen was administrated at postnatal day (P) 0 
and P1, CreER was activated in ~so-90% of HCs (Chow et al., 2006; Weber et al. , 2008). Beginning 2 days after 
tamoxifen administration, Atoh1-CreER: :ROSA26-IoxP-stop-loxP-DTA (Atoh1DTA) mice show rapid and 



reproducible loss of both inner and outer HCs. We then performed fate-mapping studies of SCs in the AtohlDTA 
model. Although fate-mapping is primarily performed using the Cre/loxP system, we were already using this 
system to kill HCs and thus needed another mouse genetic tool to trace SCs. Since HesS is known to be expressed 
in SCs of the postnatal cochlea (Hartman et al., 2009; Lanford et al., 2000; Li et al., 2008; Zine et al. , 2001), we 
characterized a recently generated HesS-nlslacZ knock-in allele (lmayoshi et al., 2010) . LacZ was strongly 
expressed throughout the Pl cochlea (Figure lA-B) and labeled many SC subtypes including the majority of 
Deiter's cells and outer pillar cells, with mosaic labeling of inner phalangeal cells (Figure lC-H). LacZ expression 
was not detected in inner pillar cells or HCs. For fate-mapping, we generated AtohlDTA: :HesS-nlslacZ+/- mice. 
After tamoxifen injection at PO/Pl, we first observed LacZ+ HCs at P2 (Figure 11-L), whereas no LacZ+ HCs were 
found in control samples that were lacking either the Cre or DTA allele (Figure 1M) or at Pl in experimental or 
control cochleae (n=3) . This finding indicates that after HC damage, SCs have changed cell fate and differentiated 
into HCs in vivo and are thus the cell source of regenerated HCs. 

To confirm these findings we collaborated with Dr. Alan Cheng at Stanford University to perform similar fate­
mapping experiments in his model of neonatal HC damage. Dr. Cheng's model is a knock-in mouse in which 
expression ofthe human diphtheria toxin receptor (DTR) is driven by the Pou4f3 promoter (Pou4f3°TR/+) (Golub et 
al., 2012; Mahrt et al., 2013) and selective HC death is induced by injection of diphtheria toxin (DT), because 
Pou4f3 is exclusively expressed by HCs in the inner ear (Erkman et al., 1996; Xiang et al., 1998). Fate-mapping of 
SCs with the Pou4f3°TR/+ model was performed using the LgrS-EGFP-IRES-CreER allele (LgrS-CreER) (Barker et al., 
2007) bred with the ROSA26cAG·tdTomato reporter line (Madisen et al., 2010) . In Pou4f3°TR/+::LgrS-CreER+/­
::ROSA26CAG-tdTomato/+ mice, tamoxifen was given at Pl to label LgrS+ SCs with tdTomato and DT was injected ~8 

hours later to kill HCs. Similar to the fate-mapping in the AtohlDTA model, a large number oftdTomato+ HCs were 
detected after HC damage which confirms that SCs are the cell source of regenerated HCs (for more details see 
Cox et al., 2014 Development). 

Both methods of fate-mapping targeted broad populations of SCs, but different SC subtypes may vary in their 
capacity to serve as the source of regenerated HCs. Therefore we expanded the fate-mapping studies in Aim 1 to 
individual SC subtypes. To perform these experiments, we need to use the Cre/loxP system to fate-map SC 
subtypes and thus generated a new mouse line that uses the tetracycline inducible system to kill HCs. The 
tetracycline inducible system uses the rtTA protein that binds to the promoter and activates transcription of a 
second transgene which contains a tetracycline operator (TetO). The rtTA protein can only bind to TetO and 
activate transcription in the presence of doxycycline (a more potent analogue of tetracycline) (Gossen et al., 1995). 
We generated Atohl-rtTA mice using the well characterized Atohl enhancer to drive expression of the reverse 
tetracycline transactivator (rtTA) protein in HCs. (Atohl-rtTA was later combined with the commercially available 
TetO-DTA mouse line to kill HCs.) Atohl-rtTA activity was measured using two tetracycline operator (TetO) 
reporter alleles. Each ofthe five Atohl-rtTA founder lines was bred with a TetO-mCherry or a TetO-LacZ reporter 
mouse and double transgenic offspring (Atohl­
rtTA+::TetO-reporter+) given doxycycline in the 
food to the nursing mother from PO-P3 as well as 
an injection of doxycycline given to the pups at Pl 
were evaluated at P3 for rtTA activity. All founder 
lines showed robust reporter expression in the 
majority of cochlear HCs (Founder 7 is shown in 
Figure 2). This thorough characterization of five 
founder lines demonstrated that Atohl-rtTA is 
specifically expressed in coch lear HCs and was 
recently published (Cox et al., 2014 Sci Reports). 
The Atohl-rtTA mouse line provides a powerful 
tool for the field and can be used in combination 
with other existing Cre/loxP mouse lines to 
manipulate gene expression in two distinct cell 
types in vivo. 
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Figure 2. Characterization of the Atohl-rtTA mouse line. Founder 7 
Atohl-rtTA mice bred w ith the TetO-mCherry reporter (A-B) or the 
TetO-LacZ reporter (C-D) were induced with doxycycline from PO-P3 and 
samples were analyzed at P3 . mCherry and LacZ (detected with a ~gal 
antibody) were expressed only in HCs (myo7a, green) . E, Quantification 
of mCherry+ and LacZ+ HCs. IHCs: inner hair cells, OHCs: outer hair cells. 
Scale Bar: 50 ~m 



To induce HC death and stimulate the HC regeneration process with 
this model, Atoh1-rtTA mice were bred with the commercially 
available TetO-DTA mouse line and given doxycycline in the food to 
the nursing mother from PO to P3, as well as an injection of 
doxycycline given to the pups at Pl. Unfortunately, no HC death was 
observed in Atoh1-rtTA ::Tet0-DTA mice (Figure 3). This was 
unexpected since the TetO-DTA mouse line has been used successfully 
in other fields of research. However it is possible that a spontaneous 
mutation occurred in the TetO-DTA mouse line or there was 
downregulation of DTA. We have therefore imported the Pou4f3DTR 

mouse line from the University of Washington to induce HC death. 
Pou4f3DTR mice express the human diphtheria toxin receptor (DTR) in 
HCs and selective HC death is induced by injection of diphtheria toxin. 
Therefore the Cre/loxP system can still be used to fate-map SC 
subtypes. Previous studies have shown that HC regeneration occurs in 
the neonatal mouse cochlea of Pou4f3DTR mice after injection of 

Figure 3. HCs remain intact after Dox 
induction in Atohl-rtTA::TetO-DTA mice. 
Confocal image of HCs (myo7a, green) in 
Atohl-rtTA: :TetO-DTA mice that were given 
doxycycline in the food to t he nursing mother 
from PO to P3 as well as an injection of 
doxycycline at Pl. No HC loss was detected at 
P9. Scale bar : 20 11m. 

diphtheria toxin at P1 (Cox et al., 2014 Development) . ,-----===========================~ 

The known SC subtypes in the mouse cochlea include 
Claudius cells, Hensen's cells, Deiter's cells, inner pillar 
cells, outer pillar cells, and inner phalangeal cells (Figure 
4). There are also cells medial to inner phalangeal cells 
called the greater epithelial ridge (GER) which are known 
to possess plasticity. Previously published CreER lines that 
target SCs have Cre expression in multiple subtypes and 
some even show Cre expression in HCs (Cox et al., 2012). 
However, these findings are based on tamoxifen induction 
paradigms that are quite robust. Altering the tamoxifen 
concentration and number of injections can decrease the 
Cre expression pattern and increase cell-type specificity. 

o De1ters cell 
a Outer piUar cell 
• Inner pillar cell 
• Inner phalangeal c~ll 
• Hensen cell 

Figure 4. SC subtypes found within the cochlea. GER: greater 
epithelial ridge, IHC: inner HCs, OHC: out~r HCs, ToC: tunnel 
of Corti. Image modified from (Image modifed from Mellado 
Lagarde et al. , 2013). 

There are also several reporter lines which have different expression patterns even when the same CreER line and 
tamoxifen induction paradigm are used. To determine which CreER lines would be the most useful to fate-map 
SCs subtypes, we modified the tamoxifen induction paradigm and used two different reporter lines (Rosa26cAG­
tdromato and CAG-eGFP) to increase the SC subtype specificity of the Cre expression pattern in four CreER lines (Pip­

CreER, Prox1-CreER, FGFR3-iCreER, and Sox2-CreER). 

Plp-CreER has previously been reported to label inner phalangeal cells, as well as some pillar and Deiter's cells and 
in the neonatal mouse cochlea (Gomez-Casati, 2010; Cox et al, 2012; et al, 2014; Mellado-Lagarde et al, 2014). 
Similar to the previous reports, tamoxifen injection (3mg/40g, IP) at PO/P1 in Plp-CreER+I-::ROSA26CAG-tdromato~/loxP 

mice labeled fewer inner phalangeal cells in the apical turn ofthe cochlea (46.4% ± 3.7%) compared to the middle 
turn {80.2% ± 2.1%; p<O.OS), however there was no difference when either was compared to the basal turn (75.4% 
± 19.4%) (Figures SA & 6). This paradigm also showed SC labeling lateral to inner HCs in pillar and Deiter' s cells. 
Specifically, 13.5% ± 4.6% of inner pillar cells were labeled throughout the organ of Corti, while tlilere were 13.4% 
± 2.2% tdTomato+ outer pillar cells in the apex and lower numbers of labeled outer pillar cells in t he base (4.7% ± 
1.5%, p<O.OS) (Figures SK-M & 6). There also appeared to be an opposite pattern for Deiter' s cell labeling with 
fewer tdTomato+ Deiter's cells in the apex (6.0% ± 1.7%) and middle (9.5% ± 2.8%) than in the base (29.2% ± 4.8%; 
p<0.001) (Figures SK-M & 6) . 

To achieve greater specificity to inner phalangeal cells, we reduced the tamoxifen injection paradigm to one 
injection at either PO only or P1 only, while maintaining the same dose (3mg/40g). Expression oftdTomato in inner 
phalangeal cells of Plp-CreER+f-::ROSA26CAG-tdTomato+/loxP mice that received tamoxifen at PO only did not differ from 

tamoxifen injections at P1 only or at both PO/P1 (Figures SA, E-M & 6). While there was also no difference in t he 
number of tdTomato+ inner and outer pillar cells with a PO only or P1 only injection compared to the POjP1 



injection, the PO only injection labeled fewe r Deiter's cells in the base of cochlea (11.1% ± 3.6% vs. 29.2% ± 4.8% 
with the PO/P1 injection) (Figures SE-M & 6). 

Because reduction in tamoxifen dose 
did not increase inner phalangeal cell 
specificity, we next generated Plp­
CreER+I·: :CAG-eGFP+/IoxP mice to 

determine if a less robust reporter 
would reduce off target labeling. 
When Cre recombination was 
induced with tamoxifen (3mg/40g, IP) 
at PO/P1, no difference was observed 
in inner phalangeal cell labeling 
between GFP and tdTomato samples 
in the apex or base, however in the 
middle turn there were fewer eGFP+ 
inner phalangeal cells (28 .0% ± 3.3%) 
than tdTomato+ inner phalangeal 
cells (80.2% ± 2.2%; p>0.01) (Figures 
ST-V & 6). Similarly, with the same 
tamoxifen induction paradigm, 
reduction in eGFP+ Deiter's cells was 
observed in the base of Plp-CreER•I­
::CAG-eGFP+/IoxP mice (9.5% ± 9.5%) 

compared to the number of 
tdTomato+ Deiter's cells (29.2% ± 
4.8%; p>O.OS) (Figures ST-V & 6) . 
There was no difference in inner and 
outer pillar cell labeling between 
eGFP and tdTomato reporter lines 
with tamoxifen induction (3mg/40g, 
IP) at PO/P1 (Figures ST-V & 6). 

Since minimal changes in the Plp­
CreER expression pattern occurred 
with the CAG-eGFP+/IoxP reporter, we 

also investigated a lower dose of 
tamoxifen to achieve greater inner 
phalangeal cell-specificity. Reducing 
the amount oftamoxifen given to Plp­
CreER+I·::CAG-eGFP+/IoxP mice to a 

single injection {3mg/40g, IP) at PO 

only reduced the number of eGFP+ 
cells only in specific turns of the 
cochlea . The eGFP+ inner phalangeal 
cells in the middle turn were reduced 
(22.9% ± 4.7%) compared to Plp­
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Figure 5. Plp-CreER targets inner phalangeal cells. A, Quantification of total reporter+ 
SCs after different doses of tamoxifen was given to either Plp-CreER:: Rosa26CAG-tdTomato 

or Plp-CreER+I-::CAG-eGFP•floxP mice. B-V, Confocal images of Tomato (red) express ion 
in Plp-CreER :: Rosa26cAG-tdTomato m ice or eGFP (green) expression in Plp-CreER+I-::CAG­

eGFP+/IoxP mice given various doses of tamoxifen . Scale bar: 25 ~m . 

CreER+I-::ROSA26cAG-tdTomato+/loxP mice (80.2% ± 2.2%; p>0.01) (Figures SE-G, Q-S & 6). Outer pillar cells were also 

reduced in the middle turn {0.6% ± 0.6% eGFP+ compared to 16.1% ± 3.2% tdTomato+; p>O.OS) and Deiter's cells 
were reduced in the base (2.6% ± 1.5% eGFP+ compared to 29.2% ± 4.8% tdTomato+) (Figures SE-G, Q-S & 6). 
Neither Plp-CreER+I-: :ROSA26CAG-tdTomato+/loxP nor Plp-CreER+I-::CAG-eGFP+/IoxP mice showed reporter expression in 

HCs throughout the cochlea . Finally, no tdTomato+ or eGFP+ cells were detected in Plp-CreER control mice which 
did not receive tamoxifen (Figures SA-D, N-P & 6). 



From this data we concluded that the best method to fate-map inner phalangeal cells is to use Plp­
CreER::Rosa26cAG-tdTomato mice given tamoxifen (3mg/40g, IP) at PO only. However fewer cells will be traced in the 

apical turn. 

Prox1-CreER has previously been reported to label pillar and Deiter's cells and in the neonatal mouse cochlea (Yu 
et aL, 2010; Mellado-Lagarde et al, 2013). Similar to the previous reports, tamoxifen injection (3mg/40g, IP) at 
PO/P1 in Prox1-CreER+I·::ROSA26cAG-tdTomato+/loxP mice showed tdTomato expression specific to only pillar and 

Deiter's cells. The tdTomato labeling of pillar and Deiter's cells combined was higher in the apex (69.9% ± 1.2%) 
compared to middle (57.2% ± 1.5%; p<0.05) and basal turns (44.3% ± 3.3%; p<O.OOl) (Figure 7A, K-M & 8). Similar 
to the previous report, there was differential labeling among SC subtypes. Specifically, tdTomato was expressed 
in fewer inner pillar cells (25.2% ± 2.8%) compared to outer pillar cells {70.2% ± 2.6%; p<0.001) and Deiter's cells 
(77 .3% ± 1.1%; p<0.001) (Figure 7K-M & 8) . In addition, the number of tdTomato+ inner pillar cells showed a 
gradient across cochlear turns from apex (45.9% ± 1.6%) to middle (22.2% ± 6.5%; p<0.01) to base (7.4% ± 1.2%; 
p<0.001) (Figure 7K-M & 8) . There was no difference in tdTomato+ outer pillar cells across turns. However, 
significantly fewer Deiter's cells expressed tdTomato in the base {61.7% ± 4.0%) compared to the apex (90.0% ± 
3.0%; p<0.01) and middle (80.7% ± 0.6%; p<0.001) (Figure 7K-M & 8). 

Because so few inner pillar cells were labeled with this induction paradigm, we attempted to increase the number 
of tdTomato+ inner pillar cells by inducing ere-mediated recombination with a higher dose oftamoxifen. In Proxl­
CreER+I·::Rosa26cAG-tdTomato+/loxP mice injected {IP) with 5mg/40g tamoxifen at PO/P1, again we observed fewer 

tdTomato+ inner pillar cells, than outer pillar cells or Deiter's cells across the whole cochlea (Figure 7A, N-P & 8) . 
We did not observe an increase in tdTomato labeling in inner pillar cells at this dose (24.5% ± 0.9%) compared to 
the 3mg/40g dose (25.2% ± 2.8%), nor did increasing the dose increase tdTomato expression in outer pillar cells 
or Deiter's cells (Figure 7K-P & 8). Interestingly, however, 17 outer HCs and 1 inner HC in the apical tip of one 
sample expressed tdTomato with the 5mg/40g dose (data not shown). 

We next attempted to eliminate inner pillar cell labeling to make Prox1-CreER specific to just outer pillar cells and 
Deiter's cells using two different adjustments to the tamoxifen regimen . In Prox1-CreER+I·::Rosa26cAG-tdTomato+/loxP 

mice injected with tamoxifen (3mg/40g, IP) at PO only, there were no differences in the number of tdTomato+ 
inner pillar cells, outer pillar cells, or Deiter's cells compared to the PO/P1 injection with the same dose (Figure 
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7H-M & 8). Similarly, when the 
tamoxifen dose was reduced to 

0.75mg/40g (IP) at PO only, 
there was no significant 
difference in the number of 
tdTomato+ inner pillar cells 
(16.8% ± 4.0%) compared to 
the 3mg/40g dose given at 
either PO/P1 or PO only (Figure 
7E-M & 8). However tdTomato 
expression was reduced in 
outer pillar cells (36 .1% ± 6.8%; 
p< 0.001) and Deiter' s cells 
(35.7% ± 4.5%; p< 0.001) 
(Figure 7E-M & 8) . 
From this data we concluded 
that the best method to fate­
map pillar and Deiter's cells is 
to use Prox1-CreER: :Rosa26cAG­
tdTomato mice given tamoxifen 

(3mg/40g, IP) at PO only. 
However fewer inner pillar cells 
will be traced . 

We performed similar studies 
with FGFR3-iCreER and Sox2-
CreER mouse lines. However 
these Cre lines are known to be 
expressed in both SCs and HCs 
(Cox et al., 2012; Walters et al., 
2015). Therefore the goal was 
to eliminate HC labeling. With 
the FGFR3-iCreER line, a 10-fold 
reduction in tamoxifen dose or 
changing to the CAG-eGFP 
reporter resulted in a large 
reduction of labeled HCs. 
However, a significant number 
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Figure 7. Proxl-CreER targets pillar and Deiter's cells. A, Quantification of total reporter+ SCs 
after different doses of tamoxifen was given to Proxl-CreER::Rosa26CAG-tdTomato mice. B-P, 
Confocal images of Tomato (red) expression in Proxl-CreER: :Rosa26CAG-tdTomato mice given 

various doses of tamoxifen. Scale bar: 25 ~-tm-
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Figure 8. Quantification of 
Proxl-CreER expression in 
different SC subtypes. SC 
subtypes that expressed the 
tdTomato reporter were 
quantified in two randomly 
chosen 200 ~-tm regions per 
cochlear turn, averaged, and 
expressed as a percentage of 
labeled cells compared to total 
cells. IPCs: inner pillar cells, 
OPCs: outer pi llar cells, DCs : 
Deiter's cells. (*p<O.OS, ** p 
<0.01, *** p<O.OOl as 
determined by a two-way 
ANOVA with a Tukey' s post-hoc 
test) (N =3-4). 



of reporter+ HCs remained in the apical turn (data not shown) and therefore we do not plan to use FGFR3-iCreER 
mice for our fate-mapping study. 

Reducing the tamoxifen dose in Sox2-CreER+I·: :ROSA26cAG-tdTomato+/loxP mice produced a min imal effect on the 

number of labeled HCs or SCs. However, changing to the CAG-eGFP reporter resulted in a significant decrease in 
labeled HCs, but reporter+ SCs also decreased from ~100% to ~65% (data not shown). Therefore we also do not 
plan to use Sox2-CreER for our fate-mapping study. 

Publication of this work is pia nned for submission to the Journal of the Association for Research in Otolaryngology 
before the end of 2015. The actual fate-mapping of SC subtypes using Pou4f3 °TR mice (to kill HCs) bred with Plp­
CreER or Prox1-CreER (to fate-map different SC subtypes during the HC regeneration process) are still in progress. 
In addition, a new Cre line (GLAST-CreER) was recently demonstrated to target inner phalangeal cells and 75% of 
cells in the GER (Mellado Lagarde et al. , 2014) . We plan to also use GLAST-CreER in our fate-mapping studies so 
that GER cells can also be studied . We are still searching for other Cre lines to target Hensen cells, and Claudius 
cells. 

Aim 2: To investigate the molecular mechanism(s) which underlies the HC regeneration process in the neonatal 
mouse cochlea, we performed gene expression arrays during the HC regeneration process in the Atoh1DTA model. 
Specifically, we isolated the apica l turn of Atoh1DTA and control cochlea since the vast majority of HC regeneration 
occurs in this region . Samples were taken at P2, when the first evidence of new HCs was observed, for gene 
expression analysis. When directly comparing Atoh1DTA and control samples, there were only 24 gene that had 
a 1.5 fold change at a p value of <0.05 (F igure 9). Of these, three known HC genes were downregulated in 
Atoh1DTA samples which confirms that HC damage occurred . We next performed a more sophisticated analysis 
to see which genes correlated with changes in Otoferlin expression since Otofe rlin is marker of mature inner HCs. 
In the Atoh1DTA model, mature inner HCs are killed, thus genes that correlate with or are opposite to Otoferlin 
expression may be related to the HC regeneration process. We found that several genes in the Notch and Wnt 
pathways were positively correlated with a decrease in Otoferlin (Figu re 9) . Since p<O.OS is consider weak for 
gene expression array analysis, we chose to further investigate the Notch pathway in our model instead of 
conducting additional gene arrays. 
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Figure 9. Gene changes at P2 after HC damage in the neonatal mouse cochlea. Left, Volcano plot of gene expression array data 
comparing AtohlDTA and control cochlea. The dark grey, black, and red dots represent statistically significant genes that had a 1.5 
fold change (p<O.OS) . In red Otof = Otoferlin . In black are the 2 other known HC genes. Right, Data from AtohlDTA and control 
samples were correlated using a Pea rson' s linear corre lation to Otoferl in expression to look for ca ndidate co-regulated genes with 
this known marker. Genes in the Notch and Wnt pathways are li sted. Each column is an individua l sample and colors are the Z score. 

To investigate the Notch signal ing pathway during spontaneous HC regeneration, we performed real -time qPCR 
with whole cochlear samples obta ined from Atoh1DTA mice. Controls without HC damage were obtained from 
littermates that lacked either the Cre or DTA allele . Using SYBR green and the f1f1Ct method of analysis, we 
measured changes in expression of Notch ligands (Delta1 (DLL1) and Jagged2 (Jag2)), the Notch receptor (Notch1), 
and Notch target genes (Hey1, HeyL, Hes1, and HesS) at P2 and P4 (Figure 10). Decreased expression of the He­
specific gene Pou4f3 confirmed HC loss in Atoh1DTA (damaged) samples. There was a significant reduction in the 
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Figure 10: Decreased expression of genes in 

the Notch pathway after HC damage. Relative 

mRNA expression of genes in the Notch 

pathway was analyzed in whole cochlear 

samples from undamaged (control) and HC 

damaged (AtohlDTA) mice at P2 and P4 using 

real-time qPCR. The HC-specific gene Pou4f3 

was analyzed to confirm HC loss in damaged 
samples. Rpl19 was used as a housekeeping 

gene and samples are expressed as fold change 

compared to age-matched control samples 

(dashed line). (*p<O.OS, **p <0.01, ***p<0.001 
as determined by a two-way ANOVA with a 

Bonferroni post-hoc test) N=2-3. 
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• Damaged P2 • Damaged P4 

expression of Dlll, Jag2, and Heyl in the 
damaged cochlea at P2, and in Notchl, Heyl, 
and HesS at P4. There was also an increase in 
Heyl expression at P2, as well an increase in 
Hesl at P4. These results suggest that 
regulation 
of the Notch signaling pathway during the HC 
regeneration process is more complex than 
just downregulation . 

We also used immunostaining to investigate 
the SC-specific ligand, Jaggedl (Jagl) in the 
cochlea of AtohlDTA mice. In control samples 
Jagl was expressed in the membranes of most 
SC subtypes (Figure llA-F). However in 
AtohlDTA (HC damaged) mice at both P2 and 
P4, Jagl expression was lost in the vast 
majority of Deiter's cells, yet retained in pillar 
cells, inner phalangeal cells, and the GER 
through P4. (Figure llG-L). This data 
demonstrates that different SC subtypes vary 
in their capacity to down regulate genes in the 
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Figure 11: 
Decreased 

expression of 

Jag1 after HC 

damage in the 
neonatal 

mouse cochlea. 

Confocal images 

of Jag1 (green) 

and Sox2 

(magenta) 

expression in 

control (A-F) 

and AtohlDTA 

(damaged) mice 

( G-L) at P2 and 
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Figure 12. Decrease in HesS+ Dieters' and pillar cells after HC damage in the neonatal mouse cochlea. Confocal images of HesS-LacZ (magenta) 

and Sox2 (green) expression in control (A-D) and Atoh1DTA::HesS-nlslacZ (damaged) mice at P2 (C-H), P4 (1-L), and P6 (M-P) . S100a1 (red) labeling 

wa s used to mark Deiter's and pillar cells. Q, Quantification of HesS+, Sox2+, and Sox2+/HesS-negative cells in 1SO ~m regions of the apical turn 

(N =1-2). 



Notch signaling pathway after HC damage which may also suggest that different SC subtypes vary in their ability 
to form regenerated HCs. 

We also measured changes in expression of the Notch target gene HesS at the cellular level. The HesS-nlslacZ 
mouse line can also be used as a reporter of HesS expression since the LacZ gene was knocked into the HesS locus 
and is controlled by the endogenous HesS promoter (lmayoshi et al., 2010). We used Sox2 to label all SC subtypes 
and S100a1 to label Deiter' s and pillar cells. Cells expressing HesS and or Sox2 were quantified within the band of 
S100a11abeling. There was a decrease in the number of HesS+ cells at P2, P4, and P6 in Atoh1DTA::HesS-nlsLacZ•f. 
(HC damaged) mice compared to control (Figure 12). To confirm that this decrease in HesS+ cells was not caused 
by a loss of Deiter' s and pillar cells, we quantified the number of these cells using Sox2 in the same region . At P2 
there was an increase in the number of Sox2+ cells, followed by a small decrease at P4 and P6 (Figure 12). We 
also observed an increase in the number Deiter's and pillar cells that were Sox2+ but HesS-negative in 
Atoh1DTA::HesS-nlslacZ•I- (damaged) mice compared to control (Figure 12). Taken together these data suggest 
that the Deiter's and pillar cells are still present, but have just lost Notch signaling. We predict this is the first step 
needed for SCs to convert into HCs. 

VI. Work Plan 

Not applicable. 

VII. Major Problems if any 

Funding was not started until April 2013 thus the grant period was only 2.3 years and not all components of the 
proposal were completed. We also experienced technical difficulties in the mouse genetic strategy proposed for 
Aim 1 as described in sections IV and V. However we have overcome these problem and will complete Aim 1 in 
2016. 

VIII. Technology Transfer 

Data from this ONR award was used to apply for, and successfully obtain, a 3 year grant from the Department of 
Defense's Congressionally Directed Medical Research Program (CDMRP) under the Neurosensory and 
Rehabilitation Research Award . Grant #W81XWH-1S-1-047S entitled " Investigation of Notch signaling in during 
spontaneous regeneration of cochlear hair cells" will fund the Cox lab from 9/1S/201S- 9/14/2018. 

IX. Foreign Collaborations and Supported Foreign Nationals 
NA 

X. Productivity 

Peer-reviewed journal articles 
Cox BC*, ChaiR* , Lenoir A, Liu Z, Zhang L, Nguyen D, Chalasani K, Steigelman KA, Fang J, Rubel EW, Cheng AG, 
and Zuo J. {2014) Spontaneous hair cell regeneration in the neonatal mouse cochlea in vivo. Development 

141:816-829. (Published) 
*authors contributed equally 

Cox, BC, Dearman JA, Brancheck J, Zindy F, Roussel MF, and Zuo J. {2014) Generation of Atoh1-rtTA transgenic 
mice: a tool for inducible gene expression in hair cells ofthe inner ear. Sci Rep 4:688S. (Published) 

Brancheck f. McGovern MM*, Grant AC, Graves-Ramsey KA, and Cox BC (submitted) Quantitative Analysis of 
Supporting Cell Subtype Specificity among CreER Lines in the Neonatal Mouse Cochlea . J Ass Res Otolaryngol (to 
be submitted by 12/31/201S) 



Workshops & Conferences 
Brancheck J and Cox BC. {2014) Using Cre-loxP Mouse Genetics to Target Specif ic Cochlear Supporting Cell 
Subtypes. Association for Research in Otolaryngology: 3J1h annual midwinter research meeting, 2014 February 2-
26, San Diego, CA, #PS-351 (poster presentation) 

Randle M, Zuo J, and Cox BC. (2014) Ablation of Different Quantities of Hair Cells in the Neonatal Mouse Cochlea 
to Examine Mechanisms of Regeneration . Association for Research in Otolaryngology: 3J1h annual midwinter 
research meeting, 2014 February 2-26, San Diego, CA, #PS-192 (poster presentation) 

Trone, MM, Karmarkar, SW, Cox, BC (2015) Changes in the Notch Signaling Pathway during Spontaneous Hair 
Cell Regeneration in the Neonatal Mouse Cochlea. Association for Research in Otolyrangology: 38th annual 
midwinter meeting, 2015 February 21-25, Baltimore, MD (poster presentation) 

Trone, MM, Karmarkar, SW, and Cox, BC. {2015) Dynamic changes in the Notch signaling pathway after hair cell 
ablat ion in the neonatal mouse cochlea . Joint meeting of the Midwest Auditory Research Conference and the 
M idwest Auditory Neuroscience Symposium. July 23-25, 2014, Omaha, NE (oral presentation) 

Trone, MM, Brancheck J, Grant AC, Graves-Ramsey K, and, Cox, BC. (2015) Using Cre-loxP mouse genetics to 
target specific cochlear supporting cell subtypes. Joint meeting of the Midwest Auditory Research Conference 
and the Midwest Auditory Neuroscience Symposium . July 23-25, 2014, Omaha, NE (poster presentation) 

Cox BC {2013) Spontaneous hair cell regeneration in the neonatal mouse cochlea and utricle in vivo . Iowa Center 
for Molecular Auditory Neuroscience Symposium, 2013 October 17, University of Iowa, Iowa City (Keynote 
speaker) 

Cox, BC. Using mouse genetic models to investigate the mechanism of spontaneous hair cell regeneration in the 
neonatal mouse cochlea. Department of Pharmacology & Physiology, Georgetown University. November 20, 
2014, Washington, DC. (seminar presentation) 

Cox, BC. Using mouse genetic models to investigate the mechanism of spontaneous hair cell regeneration in the 
neonatal mouse cochlea. Department of Physiology, Southern Illinois University Carbondale. October 3, 2014, 
Carbondale, IL. (seminar presentation) 
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Cell Source and M'ec'ha;nism of Hair C·ell · Regeneration in the 
Neonatal Mouse Cochlea 

Brandon Cox, Southern Illinois University School of Medicine 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Objective: 
• Aim 1: To determine the cell source of regenerated hair cells in the 

neonatal mouse cochlea. 
• Aim 2: To determine the molecular mechanism of spontaneous hair cell 

regeneration in the neonatal mouse cochlea. 

Approach: 
• Fate-map supporting cells and individual supporting cell subtypes during 

the hair cell regeneration process using mouse genetics. 
• Perform gene expression arrays during the hair cell regeneration process 

and confirm these changes using real time PCR and 

immunohistochemistry. 

Accomplishments: 
• Published 2 papers related to Aim 1 and a 3rd paper was submitted for 

publication. 
• Using data from Aim 2, successfully obtained a 3 year grant from DOD 
• Demonstrated that supporting cells are the source of regenerated hair 

cells in the neonatal mouse cochlea. 
• Validated the results of the gene expression arrays to show that 

changes in the Notch signaling pathway occur after hair cell damage. 

Impact: 
• The first evidence that hair cell regeneration can occur in mammals & 

that regenerated hair cells are derived from neighboring supporting cells. 
• The Atoh1-rtTA mouse line is the first to specifically target hair cells using 

the tetracycline inducible system & provides a new tool for the field . 

·Control Damaged 

In the cochlea of Atoh1DTA (HC damaged) mice, 
there was a reduction in the expression of the 
Notch ligand Jagged1 (green) in the Deiter's cell 
region while many Sox2+ (magenta) Deiter's cells 
remain. Jagged1 expression appears to be 
maintained in pillar cells , interphalangeal cells, 
and cells in the greater epithelial ridge (GER) 
through postnatal day 4. Scale bar= 50 IJm. 
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RESEARCH ARTICLE STEM CELLS AND REGENERATION 

Spontaneous hair cell regeneration in the neonatal mouse 

cochlea in vivo 
Brandon C. Cox1•2·*, Renjie Chai3.4·*, Anne Lenoir1•5, Zhiyong Liu1•

6
, Lingli Zhang\ Duc-Huy Nguyen3

, 

Kavita Chalasani3, Katherine A. Steigelman1•6 , Jie Fang\ Alan G. Cheng3·+ and Jian Zuo1·+ 

ABSTRACT 
Loss of cochlear hair cells in mammals is currently believed to be 

permanent, resulting in hearing impairment that affects more than 

10% of the population. Here, we developed two genetic strategies to 

ablate neonatal mouse cochlear hair cells in vivo. Both Pou4f3°TRI+ 

and Atoh1-CreER™; ROSA26°TAI+ alleles allowed selective and 

inducible hair cell ablation. After hair cell loss was induced at birth, 

we observed spontaneous regeneration of hair cells. Fate-mapping 

experiments demonstrated that neighboring supporting cells acquired 

a hair cell fate , which increased in a basal to apical gradient, 

averagin_g over 120 n;generated hair cells per cochlea. The normally 

mitotically quiescent supporting cells prol iferated after hair cell 

ablation. Concurrent fate mapping and labeling with mitotic tracers 

showed that regenerated hair cel ls were derived by both mitotic 

regeneration and direct transdifferentiation. Over time, regenerated 

hair cells followed a similar pattern of maturation to normal hair cel l 

development, including the expression of prestin, a terminal 

differentiation marker of outer hair cells , although many new hair cells 

eventually died. Hair cell regeneration did not occur when ablation 

was induced at one week of age. Our findings demonstrate that the 

neonatal mouse cochlea is capable of spontaneous hair cell 

regeneration after damage in vivo . Thus, future studies on the 

neonatal cochlea might shed light on the competence of supporting 

cells to regenerate hair cells and on the factors that promote the 

survival of newly regenerated hair cells . 

KEY WORDS: Lg r5, Direct transdifferentiation, Mitotic 

regeneration, Diphtheria toxin, Atoh1, Fate mapping 

INTRODUCTION 
Hair cells (HCs) regenerate in both the audi tory and vestibular 

systems of non-mammalian vertebrates, leading to restoration of 

hearing and balance (Salak et al., 1990; Corwin and Cotanche, 

1988; Lombarte et al. , 1993; Ryals and Rubel, 1988). This process 

occurs by two mechanisms: direct transdifferentiation and mitotic 

regeneration. Direct transdi'flerentiation refers to a cell fate change 

when neighboring supporting cells (SCs) convert into HCs without 

cell division. Mitotic regeneration occurs when a SC first divides 
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and, subsequently, one or both daughter cells becom es a HC (Ad ler 

and Raphael, 1996; Baird et al., 1996; Corwin and Cotanche, 1988; 

Jones and Corwin, 1996; Ryals and Rubel, 1988 ; Warchol and 

Corwin, 1996). 
In mammals, limited HC regeneration occurs in the vest ibular 

system (Burns et al. , 20 12; Forge et al. , 1993; Golub et al., 2012; 

Kawamoto et al. , 2009; Warchol et al., 1993), yet no spontaneous 

regeneration has been observed in the mature aud itory system 

(Bohne et al., 1976; Hawkins et al. , 1976; Oesterle et al. , 2008). 

Recent studies demonstrate that SCs isolated from the neonatal 

cochlea are competent to form new HCs in cul ture (Chai et al. , 

20 12; Doetzlhoter et al., 2006; Oshima et al. ,-2007; Savary et al. , 

2007; Shi et al., 20 12; Si nkkonen et al., 2011; White et al. , 2006). 

In addition, neonatal SCs can be induced to generate supernumerary 

HCs upon inhibition of the Notch pathway (Doetzlhofer et al.. 2009; 

Yamamoto et al. , 2006), ectopic express ion of Atoh I (Kelly et al. , 

20 12; Liu eta!., 20 12a; Zheng and Gao, 2000) or overexpression of 

P-catenin (Shi et al. , 2013). Similar manipulations failed to coerce a 

HC fate in the undamaged, adul t cochlea, suggesti ng that the 

neonatal cochlea is a more pem1issive environment for the formation 

of new HCs. 
To investigate possible HC regeneration ir. the embryonic cochlea, 

Kelley and colleagues laser ablated HCs in cultured exp lants and 

found rare regenerated HCs (Kelley et al. , 1995). Whether the 

postnatal cochlea can regenerate lost HCs and the source of potential 

regenerated cells have not been clearly defined, in pa1t because HCs 

in the neonatal cochl ea are insensitive to damage in vivo. 

Aminoglycoside antibiotics are widely used to damage HCs in vitro 

but preferentially inflict damage in the basal tum and are ineffective 

in vivo. 
Here, we present two strategies to ki ll neonatal HCs in vivo using 

mouse genetics. After I-IC death was induced at birth, fate-mapping 

studies showed that SCs acquire a HC fate. We also observed 

mitotic regeneration, with regenerated cells expressing five markers 

ofHCs and exhibiting immature stereocilia bundles, although most 

new HCs failed to survive. In add ition, we defined the time period 

when HC regeneration can occur, finding it to be limited to the first 

postnatal week. Together, these findings demonstrate that neonatal 

SCs have the intrinsic capacity to regenerate HCs after damage. 

RESULTS 
Hair cell ablation in the neonatal cochlea 

The neonatal cochlea is resistant to HC damage caused by exposure 

to noise or ototoxic drugs in vivo. To circumvent thi s limitation, we 

developed two genetic methods to damage neonatal 1-lCs in vivo. 

First, we used a knock-in mouse in which expression of the human 

diphtheria toxin receptor (DTR) is driven by the Pou4f3 promoter 

(Pou4f3vm ·· ) (Go lub et al. , 20 12; Mahrt et al., 2013 ; Tong et al., 

20 I I) and selective HC death is induced by injection of diphtheria 

toxin (DT), as Pou4f3 is exclusively expressed by HCs in the inner 
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ear (Erkman et al., 1996; Xiang et a l. , 1998). Progressive HC death 
was observed in Pou4f3DTR· mice after DT injection at P1 (Fig. 1), 
consistent with previous reports (Golub et al. , 20 12; Mahrt et al., 
20 13; Tongetal. ,20 11). 

Second, we used a HC-specific inducib le Cre line, Atohi­
Cre£Rn"1, to drive expression of diphtheria toxin fragment A (DTA). 
When tamoxifen was admin istrated at postnatal day (P) 0 and P I, 
Cre recombi nase was activated in - 80-90% of HCs (Chow et al., 
2006; Weber et al. , 2008) . In other organ systems, Cre-mediated 
excision of the flox ed stop sequence in the ROSA26-IoxP-stop-loxP­
DTA (ROSA2607i1) alle le causes cell-autonomous ablation o'f Cre+ 
cells (Abrahamsen et al. , 2008; lvanova et al. , 2005). Beginn ing 2 
days after tamoxifen administrat ion, Atohl-CreERTM; ROSA2607i11+ 

(Atoh!DTA) mice show rapid and reproducible loss of both inner 
and outer HCs (Fig. 2A-O). There is also considerable 
disorganization in the organ of Corti, with Sox2+ nuclei detected in 
the HC layer (Fig. 2P.Q). 

Supporting cells acquire a hair cell fate 
To determine how SCs respond to HC damage induced at birth and 
whether they could acquire a HC fate, we generated Pou4j3°TII.!+; 
Lgr5c'""11 ' • ROSA2(f'AG-IdTamam + transoenic mice This strategy was 
designed t; fate map SCs using the Lg/'0-£GFP-IR£S-Cre£RT2 allele 
(Lgr5CJt•tiR) (Barker et al. . 2007) and the ROSA2(f:AG-rdJiJmmn reporter -
line (Mad isen et al. , 20 I 0) after HC ablation. Lgr5 is expressed in a 
subset of SCs, so when control an imals (Pou4j3' '• ; Lgr5Cre£R.·~ ,. 
ROSA2{/-'-JG-rd"/i!maro • mice) were given tamoxifen at P I, tdTomato 
expression was detected at P7 in several SC subtypes, including cells 
in the gTeater epithelial ridge (GER). Specifically, tdTomato 
expression was detected in Deiters' cells (first row, 4.0± 1.8%; second 
row. 5.0±0.3%; third row, 98.3 ±0.4%), pi llar cells (outer pillar, 
3. 7±2 .0%; inner pillar, 67.0± 1.6%) and inner phalangeal/border cells 
(87.3±0.8%) (n=3). Also. we detected occasional tdTomato+/Myosin 
VIla+ (Myo7a+) cells at P7 (apex , 12±1.5; middle, 2±0.7; base, 
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0.5±0.3; n=4; Fig. 3A,H-J; supplemental)' material Table S2A). These 
results are consistent with the previous report (Chai et al., 20 12). Lgr5 
expression decreased and remained limited to SCs in Pou4j3°7'RJ•; 
Lgr5Cre£R. ~ mice 8, 24 and 48 hours after DT injection at PI 
(supplementary material Fig. S I). 

In Pou4j3°m'+ ; Lgr5°"£11' ' ; ROSA2f5CAG-rd"/omma-·+ mice, tamoxifen 
was given at PI to label Lgr5+ SCs and DT - 8 hours later to ki II 
HCs. At P7, we found a significant increase oftdTomato•/Myo7a• 
cells in all three coch lear turns, with a nearly 1 0-fold increase in the 
apical and middle turns and a 5-fo ld increase in the basal turn (apex, 
99.0±4.6; middle, 22.8±6.5; base, 2.3±0.9; n=4; Fig. 3B,H-J ; 
supplementary materi a l Tab le S2A) compared with undamaged 
controls lacking the Pou4j3°TIII+ al lele (P<O.OO l for apical and 
midd le turns and ?<0.05 for base). In this experiment, we also 
stained fo r Sox2, which is transiently expressed in nascent HCs in 
the embryonic cochlea (Dabdoub et al. , 2008; Hume et a l. , 2007; 
Kiernan et al., 2005; Mak et al., 2009) and becomes restricted to 
SCs after P l (Hume et al., 2007; Oesterle et al., 2008). In addition, 
Myo7a+ cells that fotmed fi·om isolated SCs in vitro expressed Sox2 
(Sinkkonen et al. , 20 11). Therefore, Sox2 and Myo7a co-expression 
can be viewed as a marker of immature HCs. After HC ablation, we 
found many Myo7a+/Sox2+ cells and Myo7a+/Sox2+/tdTomato• cells 
in the apical and middle t urns of Pou4j3°m'• ; Lgr5Cre£R.·~ ; 
ROSA2~AG-rdTomatDI+ mice at P7 (Fii"3C-J; supplementary mater ial 
Table S2A), whereas neither were observed in control samples 
lacking the Pou4f3°rw+ al lele (n=4). In summary, these· findings 
demonstrate that new ly regenerated Myo7a+ cells are derived from 
adjacent SCs after HC ablation in the neonatal mouse cochlea. This 
regenerative capacity was most robust in the apex and decreased 
towards the base. 

Sim il ar ly, we performed fate-mapping studies of SCs in the 
Atohl DTA model. A lthough fate mapping is primari ly performed 
using the Cre/loxP system, we were already using this system to kill 
HCs and thus needed another mouse genetic tool to trace SCs (Stern 

Basal 

Fig. 1. Progress ive HC death in the 
Pou4f3°TRJ• model. Projection images 
of Myo7a immunofluorescence in 
coch lear whole-mounts of control wild­
type mice at P2 (A-C) and Pou4f3° TRJ• 
mice at P2 (D-F), P5 (G-1) and P7 (J-L) 
after diphtheria toxin (DT) injection at 
P1. Repopulation of HCs was most 
robust in the apical turn at P7 (J). OHC, 
outer hair cells; IHC. inner hair cells. 
Scale bar: 50 IJm. 
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Fig. 2. Progressive HC death in the 
Atoh1DTA model. (A-0) Projection images 

of Myo7a immunofluorescence in cochlear 
whole-mounts from control mice (lacking 

either the Cre or DTA allele) at P2 (A-C) 

and Atoh1DTA mice at P2 (0-F) , P4 (G-1), 
P7 (J-L) and P15 (M-0). Repopulation of 

HCs was most robust in the apical turn at 
P4 (G). (P,Q) 30 reconstruction of confocal 

z-stack images with SC nuclei labeled by 

Sox2 (green) and HCs labeled by Myo7a 
(magenta) in the middle turn of control (P) 

and Atoh1DTA (Q) cochleae at P7. Scale 

bar: 50 ~m. 
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and Fraser, 2001). Since HesS is expressed in SCs of the postratal 

cochlea (Hartman et al. , 2009; Lanford et aL, 2000; L.i e! a l. , 2008; 

Z ine et al. , 200 I), we characteri zed a recently generated Hes5-

nlsLacZ knock-in a lle le (lmayoshi et a!., 20 I 0). lacZ wc.s strongly 

expressed throughout the PI cochlea (Fig. 4A,BJ and robustly 

labeled Deiters' cel ls and outer piJar cells, with mosaic \v eak 

labe ling of inn er phalangeal cell s/b :> rder cell s (Fig. 4C-H) . [QcZ 

expression was not detected in inner pill ar cells or HCs. For fate 

mapping, we generated Atoh!DTA; Hes5-nlsLacZ''~ mice. After 

tamoxifen inj ection at PO/P I, we first observed Myc7a+//acT cells 

at P2 (Fig. 41 -L) in an apical-basal gradient (apex, S8.3±3!).2; 

middle, 9.3±7.9; base, 1.3± 1.3 ; n=3), whereas no feeT HCs were 

found in control samples that were lacking either the Cre or DTA 

allele (Fig. 4M; supplementary material Table SIB) (n=3) or ar PI 

in experimenta l or contro l cochl eae (n=3). This finding is consis:ent 

w ith the fate-mapping experiments performed in t!-.e Pcu4f3Drlli~ 
model indicating that SCs have changed cell fate and dit1erenti~ted 

in to Myo7a+ ce lls in vivo. 
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Hair cell damage stimulates proliferation 
Since mitotic HC regeneration has been described in non­

mammalian vertebrates, we investigated whether cell division can 

occur afte r HC damage in the neonatal mouse cochlea. When the 

mitotic tracer S-ethyny l-2 '-deoxyuridine (EdU) was administered 

once per day from P3-PS to control mice lacking the Pou4f3mR + 

a ll ele (and DT given at PI) , no EdU• cel ls were observed in the 

organ of Corti at P7 (n=4) , confirming previous findings that 

postnatal HCs and SCs are mitotically quiescent (Lee et aL, 2006; 

Ruben, 1967). In Pou4f3D1R'+ mice identically treated with DT and 

EdU, EdU+/Sox2+ cells were observed in the P7 organ of Corti 

(apex, 13.2±3.7 cells per 22S J..!Ill cochlear length; middle, S.8± 1.6; 

base, 3.5± 1.5; n=6; Fig. SA-C; supplementary material Table S2C). 

We a lso observed EdU•/Myo7a• cells restricted to the apical turn, 

averaging 11 .0± 1.8 in this whole region (n=6) and sugges ting 

mitotic HC regeneration (Fig. SD-F; suppl ementary material Table 

S2C). Moreover, some cells that were double positive for EdU and 

Myo7a also had SoxY nuclei (4.7± 1.3, n=G ; Fig. SG-1 ; 
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Fig. 3. Fate mapping of SCs in the Pou4f3°TRJ• model. Conte cal images of tdTomato' (magenta) HCs (Myc-7a, ~reen) in the apical cochlear turn of control 
(Lgr5c,.ERJ•, ROSA26CAG·tdTomar"'') (A) ana Fou4f3°TRI•; LgrscreERI•; ROSA2aGAG·tdTomatol• (B) mice at P7. (C) Confc·cal image of tdTomato'/Myo7a' HCs that also 
express Sox2 (blue) in the apical turn of PoJ4f3°TRI•; Lgrsc·eERI-; ROS.~2aGAG-tdTomatol• mice at P7. (D-G) Cross-sectior focused on the tdTomato'/Sox2' HC 
indicated by the arrow in C. Ncte th3t GFP expression frorr the LgrscreERJ+ allele is much weaker than Sox21aberng. rJumber of double (Myo7a'/tdTomato' or 
Myo7a'/Sox2' ) or triple (M~,.-o7a'/Scx2'/tdTcrr.ato' ) labeled cells in the apical (H), middle (I) and basal (J) turns ot Pou1f3°TRI•; Lgr5c"'ERJ•; ROSA2aGAG-tdTomatol• 
mice and control littermates. Data are expressed as mean = s.e.m., n=3. *.0<0.05, ... P<0.001 compared with control r umber of the corresponding turn as 
determined by a two-way ANOVA followed by a Student's 1-test wi th a ::-onferroni correction. Scale bars: A. B, 20 Jm; C-G, 10 !Jm. 

supplementary material Tab:e S2C) suggesting that they were 
immature, regenerated HCs. 

In paral lel. we probed for prol ifewt ive cells a 'ter HC l:ss in 
Atoh!DTA mice by injecting EdU once at ages ran ?ing from P2 to 
P5. Coch lear tissues were analyzed :;.4 hours afte~ ea-:h in~ ~ction 
when one round of cell division was presumably ccmp' ete. Simi lar 
to the results obtained with Pou4f3t.YTP. ·+ mice, th s regimen also 
yielded no EdU+ cells :n the organ of Corti from control mice that 
lacked either the Cre or DTA allele (n=3). By contrc..st, EdU+/~ox2+ 
ce ll s were fou nd at the SC nuclear le•el in the damaged organ of 
Corti in all three turns between P2 and P5 (Fig, SJ,K supplementary 
material Table S2D). In add ition, we observed EdL-/Myo7a- cells 
in the apical turn only from P2-P5 (P2, 2.0±2.0; P3, 3.3±0.9; P4, 
3.7±2.3; P5, 1.0±0.6; Fig. 5L,M; supplementary material Table S2D; 
n=3). EdU+/Myo7a+ ce:Js were found :tt the lumenc.l surface -Jfthe 
sensory epithe lium where HCs norma ly reside (Fig. SN.O). As in 
the Pou4f3°Tii · model , we also detected EdU+/Myo/a+/Sox2• cells 

(Fig. SP-R). These date shJw that HC ablation resu lts in 
proliferation in the nonnaJ:y m·mtically quiescent organ of Corti in 
both th e Pou4f3°nn an c. At.Jh I DTA models. The majority of 
proliferation and all EdU+/Myo7a+ cells were observed in the apica l 
turn, where the progression of ::ell cycle arrest first occurs (Lee et 
al., 2006; Ruben, 1967) and where HC differentiation is last 
observed during development (:...umpkin et al. , 2003; Montcouquio l 
and Ke ll ey, 2003). 

Mitotic hair cell regeneration 
To determine whether SCs c.:an r:ro li ferate and differentiate into HCs, 
we next treated Pou4f3DTR. • ; Lgr5CreER:~ ; ROSA2(f .'Ac;.umnnaw ·- mice 
with tamoxifen and DT at F I, fc.Jiowed by the mitotic tracer EdU at 
P3-P5 . At P7, we observed 6.7±(J.6 EdU+/Myo7a+/tdTomato+ cel ls in 
the whole apical turn and no1e in the middle and basal tums (Fig. 6A­
G; supplementruy material Table S2E; n=3). In the same organs, there 
were also EdU-/Myo7a+/tdTomato+ cells (apex, 106.3± 14.8; middle, 

819 
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::>ostnatal day 

25 .7±5.5; a~ e. 2.7± 1.5: Fig. 6H-1). Control animals (Pou4f3" .+ ; 

Lgr5c'"£11 ' : RCSA261'AG-tdliJJ:Ii•c··· ) receiving the :;ame drug regim =n 

did not exhiJit any Edu+ cell s and significantly (CI·\Cr 

Edl.n Myol<t/tdTomato+ cell s tl-Bn i1 dama5ed organs (apex. 

9.8±2.1 ; m:ddlc, 1.3±0.5: base_ 0.3±0.5; .-F6: supplementary n-.atcrial 

Table S2El- which is similzr to th:: n•.1mber of Myo7a+/tdTom mo+ 

cells found ir controlls wi :hout E<JTJ inj ecti on (Fig. 3A,H-.J : 

supplcmertary material Table S2A). The finding of 

EdU+/Myc-7a+/.dTomato+ cc. ls likcl:;- indicat;: that Lgr5+ SCs 

prol iferated prior to acquiring a HC tir:e. consistent with mitotic HC 

regeneration described pTevioJs ly in n·)n-mamn:alian species (Baird 

et al., I 996; Corwin and CN<.nche, 1938: Jone~ and Corwin , 1996; 

Ryal s and Rubel , 1988 ; Wucho· anc Corwi :1, 1996). AlthoLgh 
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Fig. 4 . Fate mapping of SCs in the Atoh1DTA 

model. (A, B) X-Gal staining (blue) in Hes5-n/sLacZ 

cochlea at P1 Cochlear turns are labeled as ap1cal 

(A) , middle (M) and basal (B) (C-H) Confocal images 

of the apical turn of Hes5-nlsLacZ mice at P1 . /acZ 

expression is detected with anti-[3-gal antibody 

(green) and is specific to SCs. HCs are labeled by 

parvalbumin (PVAL_B; magenta) No [3-gal' cells were 

detected in control samples lacking the Hes5-n/sLacZ 

allele. Deiters' cells (DC), outer pillar cells (OPC) and 

inner pillar cells (I PC) are labeled by Prox1 (blue) (1-

K) Confocal images of [3-gal' (green) HCs (Myo7a. 

magenta) in the apical turn of Atoh1DTA; Hes5-

nlsLacz•!- mice at P2. (L) Cross-section focused on 

the [3-ga l' HC labeled by the arrow in 1-K. 

(M) Transverse section of a littermate control (lacking 

either the Cre or DTA allele) at P2, in which aiiJ3-gal' 

cells are in the SC nuclear layer. Scale bars: 200 ~m 

in A ,B; 10 ~min C-M. 

substantial ly more EdU+/SoxY cells were t-ound in all three co~.:hlcar 

turns (supplementary material Table S2C). mitotic HC regeneration 

(Edu+/Myo7a+ltdTomato+ cells) appears lim ited to the apical turn and 

represents 5.9% of total ti:tte-mapped, regenerated HCs in this region. 

We next sought to investigate whether original , di tTcrcntiated I JCs 

cou ld also contribute to the observed EdU~/Myo7a~ cells. Based on 

reporter assays using the ROSA 261
"'2 alle le. -80-90'% or HCs in 

A10hl-Cre£RTA1 mice were /acT at 1'6 after tamoxit'cn injection at 

PO/PI (Chow et al. , 2006; Webe;- et al. , 2008). Since the ROS,l26m/J 

al lele uses the same promoter as the ROSA261
'"2 allele, - 80-90% of 

HCs in our model probably expressed DTA and thus - 10-20% of 

original, differentiated HCs might remain. To explore the possibility 

that these surviving HCs serve as a source oJ'EdU'/Myo7a+ ce ll s in 
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C EdU 

Fig. 5. Mitotic HC regeneration in the 
neonatal mouse cochlea . Confocal 
images of EdU (blue) incorporation in 
Sox2' SCs (green, A-C) and Myo?a' 
cells (magenta, D-F) in the apica l turn of 
Pou4f3°TRI• mice at P7 after EdU 
injections at P3-P5. Some EdU' HCs 
(Myo?a') were also co-labeled with 
Sox2 (G-1). EdU ' SCs (Sox2, J,K) and 
EdU'/Myo7a' cells (L,M) were also 
observed in the apical turn of Atoh1DTA 
mice 24 hours after EdU injection at PS. 
(N-O) Cross-section focused on the 
EdU' nucleus of the cells indicated by 
the arrowhead and arrow in M. (P-
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R) Confocal images of EdU' (blue) HCs 
(Myo?a, magenta) co-labeled with Sox2 
(green) in the apical turn of Atoh1DTA 
mice 24 hours after EdU injection at P4. 
Scale bars: 20 ~min A-F; 1 o ~min G-0 . 
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the Atch / DTr ~0chlea~ . we traced HCs u' in g the .'?.O~AHf >G-u!lvmaw 
alle le. which Cb:: s 99.5±0.2% of 1-!Cs at P6 in AtchJ-::reEP.Ttvt mice 
afte r tanoxi lh inj e•:t ion at PO/PI (Fig. 7 A. B). We injected 
tamox ifen at POfPI and then EdU at P3 or P4 ir: Atohl-CreERT!v1; 
ROSA2607:4 C.Ki-d~mwto mice and analyzed th :: cod lea 24 hoJrs later. 
All EdU+/M~·o/a+ ce l.l s (12 ce ll s from 5ix mice) were tdTomato­
(F ig. 7C-E) , s:u.s.sesti 1g that Edu+/Myo7a+ cell3 are likely to be 
cerivatives o : surrour:ding SCs and not survivin5 HCs, silce they 
were not pre5e n: when tamoxifen was inj ected a: PO/PI tc turn on 
f1e tdTcmato reJo:ter. 

Durir.g de·;~bpment. mitosis of HC pre·~urS•)rS terminates by 
E l4.5 :Lee e: aL, 2006: Ruben. 1967), a1d HC c.ifferentiati o·n and 

maturat ion is a dynamic process that occurs over 3 perinatal weeks 
in nice. Based on our findings that HC loss st imulates SC 
proliferation, we investigated whether newly generated Myo7a+ ce lls 
could a lso be active in the cell cycle. We analyzed cochleae just 
4 hours after EdU inj ection at P4 in Atohl DTA mice, as the 
mamm alian ce ll cycle usually takes - 24 hours to complete (A lberts 
et al. , 2002). We found 2±0.5 EdU+/Myo7a+ cells (n=4) in the apical 
turn (Fig. SA-D). Moreover, we observed several Myosin VI+ 
(Myo6+) cell s that were co-l abeled with the M-phase marker 
phospho-hi stone H3 (pH3) (Fig. 8E-H) and an EdU+/calbindin+ cell 
with mitotic figures (Fig. 81-M), providing further evidence that rare 
Myo7a+ cells can be active in the cell cycle. Likewise, in the 
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Fig. 6. Both mitotic regeneration and direct 

transdiffe rentiation occur in the neonatal 

mouse coch lea. (A-C) Confocal images of 

tdTomato• (magenta) HCs (Myo7a, green) that 

are labeled by EdU (blue) in the apical turn of 
Pou4f3DTRI•; LgrscreERI•; ROSA2(JCAG<dTomato/+ 

mice at P7 after E_9U injections at P3-PS. 

(D-G) Cross-section focused on the 

tdTomato•tEdU+ HC indicated by the arrow in A 
Note that GFP expression from the LgrscreERI+ 

allele is much weaker than EdU labeling. In the 

apical turn of the sarne organs, there were also 
EdU-/Myo7a•ttdTomato• cells (H-J). (I ,J) Higher 

magnification of the boxed region in H. Scale bars: 

20 ~m. 
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Pou4f3DTW• model, we observ~d nre pH3+/M-, o7a+ cells 

(Fig. 8N,O). pH3 labeling on l:• :n:trks .;ells that ire active in 1\rl 

phase [which lasts -1 hour (Aiber;ts et al. , 2002) ! an the time of 

tissue collection, and therefore most like y underes :inutes the total 

number of di viding cells ove- the se\·eral days following HC 

ablation . To exclude the possib lity that EdU+/Myo7a- cells are in 

the process of dying, we perfom ed ·ermioal dUTP rick end labeling 

(TUNEL) staining in the Atof I DTA model and fa iled to detect 

degenerating cell s (Kuan et al. 20(4) in any •)f the nine 

EdU+/Myo7a• cell s from seven mice (da~a not shown) 

Taken together, these findings fr-)m the AlotzlCTA and 

Pou4f3DTR'+ model s suggest thc.t it is po>sible for sc~ acquiring a 

HC fate to be active ir: the cell c y'cle. Considering tr at t:1e frequency 

ofEdU labeling was higher in Soxz• ce lls than in Myo7a• cells, it 

is plausible that the prolifer3.tive ca?acity cf SCs gradually 

d iminishes as they convert to a HC fate. 

Maturation of regenerated hair cells 

To elucidate whether regenerated HCs can survive and mature, we 

used EdU to trace newly generated Myo-:-a• cells at lorger recovery 

time points in the Atohl DTA mJdel. EdU+/Myo7a- cells expressed 

other markers ofHCs, includ ing calbindin (Fig. 9A-C), parvalbuoin 

(Fig. 90-F) and prestin (Sic2ca5 - Mouse Geno:ne Informatics) 

(Fig. 9G-l). As precursor cells acquire a HC fate these markers are 

expressed in a stepwise fashion, w ith M/ o7a and calt1ndin among 

the first proteins to be expressed (Oechesne and T:10oasset, 1988; 

Montcouquiol and Kelley, 2003), follow~d by parva lbJmin (Zheng 

and Gao, 1997) and finally prestin , a marker of terminal 

differentiation of outer HCs (B·~Iyantsev:~ et al. , 2(00; Legendre et 

al. , 2008; Zheng et al. , 2000). r.tfyo7a ar.d calbind:n \Were detected 

as early as 4 hours after EdU inj ~ction, whereas cell; dcuble positive 

for EdU and parvalbumin wero:: not found until 2 da:;s after EdU 

injection. At 6 days post EdU ir_ject ion, ~6.7± 13 .3% of 
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EdU+/Myo7a+ cells also expressed pre.st in. We did not detect the 

inner HC marker VG1ut3 (Sic17a8- Mouse Genome Informatics) 

in any EdU./Myo7a+ cells at PIO or Pl5 (supplementary material 

Fig. S2) , s.1ggestiog that regenerated HCs preferentially feature an 

oute~ HC phenotype. Under scanning electron microscopy, all 

stereocil ia bundles in the apical turn of Pl5 Atohl DTA cochleae 

appeared sh011 and tightly packed and thus immature (Fig. 9M-0). 

Some bundles contained a kinocilium (Fig. 90), which normally 

regresses by P 10 (Sobkowicz et al. , 1995). We confirmed that newly 

formed HCs have stereocili a bundles using EdU as a tracer and 

detected EdU./Myo7a+ cells with espin• stereoci lia bund les at P 15 

(F ig . 9J -L). Together, these data support the notion that 

EdU./Myo7a+ cells are regenerated HCs that acquire features of 

endogenous HCs . Furthermore, the timing of expression for these 

HC markers in EdU+ cells closely follows that of developing HCs, 

supporting the notion that regenerated HCs mature in a sim ilar 

pattern to that seen in development. 

Some regenerated HCs survived for more than a week, as 

EdU./Myo7a+ cells were still found at PIO and PIS after EdU 

injection at P4 (F ig. 9P-R). However, the majority of regenerated 

HCs died prog~essively, with only a small number remaining at P 15 

(F ig. 2M-O). 
We investigated potential factors that might be linked to the death 

of regenerated HCs. Pou4B is crucial tor HC survival. In mice with 

germ line deletion of Pou4f3 , HCs initially form but die 1-2 weeks 

later (Erkman et al. , 1996; Xiang et al., 1998) . In the apical turn of 

P6 Atohl DTA mice, out of 81.3±4.5 Myo7a• HCs (per 200 11m 

region), only 11.0± 1.8 expressed Pou4B ( 13 .9±4.4%), whereas all 

I 04.0±8.3 HCs in control mice (lacking either the Cre or DTA allele) 

were Myc-7a+/ Pou4B + ( 100%) (supplementary material Fig. S3 ; 

n=3). Since the Atoh1DTA model targets - 80-90% ofHCs, our data 

sugges~ that the majority of regenerated HCs lack a key intrinsic 

su rvival factor. 
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Fig. 7. Regenerated HCs are not derived from 
original , differentiated HCs. {A, B) Confocal 
images of tdTomato• (magenta) HCs (Myo7a, 
green) in the apical turn of Atoh1-CreERTM; 
ROSA26CAG-tdTometo mice at P6 after tamoxifen 
injection at PO/P1 . Nuclei are labeled by Hoechst 
(blue). Inset is a high- magnification image of 
tdTomato-iabeled HCs. (C-E) Confocal images 
of EdU (blue) incorporation in Myo7a• cells 
in the apica l turn of Atoh1-CreERTM; 
ROSA26°TNCAG-tdTomato mice 24 hours after EdU 
injection at P4. DTA- HCs were traced with 
tdTomato (magenta). All EdU./Myo7a• cells were 
tdTomato-. Scale bars: 100 J.lm in A. B. 50 J.lm in 
inset; 10 J.lm in C-E. 

Atoh1-CreER Tf.1 . O 1 2 3 4 5 6 
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Because a mosaic loss of SCs ( <40% loss) also leads to HC death 
(Melladc· Lagarde eta!., 20 13), we quantified fate-mapped SCs after 
HC ablation in Pou4j3DTW+ mice to determ ne whether SC loss also 
occurs. After tamoxifen and DT were administrated to PI 
Poz.i./j3°':'R - ; Lgr5C'e£R.+; ROSA26C4G-uf/oma,.,·• mice. we noted at P7 
signi ficantly fewer tdTomato-labeled Sox2• SCs in the mgan ofC01ti 
in comp:trison with undamaged control s ':Pou4j3. _.._._ ; Lgr5c,eEJI.'- ; 
ROSA26::AG- Jd?imwm·+ mice) (supplementruy material Table S2F; 
P<O.O 1 ). There were - 28-35% fewer SCs iR all three cochlear turns 
and also :t net loss of total traced organ of C.)rti cells (supplementruy 
material Table S2F; ? <0.05 in apex and P<C•.O J in middle and base). 
As an adj itional control. we compared tdTcmato+ cell counts in the 
GER, a region more remote from HC ablat:on, and did not o·)serve 
any significant change (supplementaJ)' mate~ial Table S2F). 

Last, \ile made auditory measurements of P30 Atohl DTA mice 
and found them to exhibit elevated thresholcs for audito1y brainstem 
response across all frequenc ies tested (supj:lementaJ)' material Fig. 
S4). Prior work on HC ablation (at P2) using the Pou4j30711i+ all ele 
similarly found elevated auditory thresholds in adult ani:nals (Mah1t 
eta!. , 20 : 3). In summa1y, the absence of Pou4f3 in HCs and10r the 
degeneration of surrounding SCs might have contributed to the poor 
su rvival of regenerating HCs and. consequently, to hearing less. 

Spontaneous hair cell regeneration can-no longer occur 
after hair cell damage at 1 week 
To determine when the neonatal cochle.:t loses the abi l:ty to 
spontanec::usly regenerate HCs, we ablated HCs and performed fate 
mapping ofSCs using Pou4j30711 +; Lgr5Cie£F:- ; ROSA2gAG-tdr,mara·" 
mice that were given tamoxifen at PI an d DT at P6. and fOLnd no 

significant diffe rence in the number ofMyo7a+/tdTomato+ cells at P9 
(apex, 15 .3±0.9; middle, 0.3±0.3; base, 0±0; n=3) compared with 
control that lacked the Pou4j3DTR;~ allele (apex, 13.8±0.9; middle, 
0.3±0.3; base, 0±0; n=4) (Fig. I OA-K). 

In parallel, we induced DTA expression in HCs at P6. Since 
Atohl is rapid ly downregulated after birth (Lumpkin et a!., 2003), 
we instead used Prestin-CreERn mice (Fang eta!., 20 !2). When 
injected with tamox ifen (once daily from P6-8), all outer HCs in 
Prestin-CreERrz; ROSA26CAG-ZsG,~en:+ mice expressed the reporter 
ZsGreen (Fig. II A-C). When tann oxifen was administered in the 
same fash ion, Prestin-CreERn; ROSA26DTA-'~ (PrestinDTA) mice 
had progressive outer HC loss, whereas inner HCs remained intact 
(Fig. II D-L). We also gave one EdU injection to PrestinDTA mice ·• 
at ages rangi ng from P7 to P II and analyzed the cochlea 24 hours 
after each injection (n=3). No EdU+ SCs or EdU+/Myo7a+ cells were 
observed in the organ of C01ti in any cochlear turn. Together, these 
data support the notion that proliferation and HC regeneration after 
HC loss on ly take pl ace within a limited time window in the 
neonatal mouse cochlea. 

DISCUSSION 
Previous studies in mice have repo11ed that isolated, postmitotic SCs 
can divide and generate HCs in vitro (Chai eta!., 20 !2; Doetzlhofer 
et a!., 2006; Savary eta!., 2007; Shi et a!. , 20 12; Sinkkonen eta!. , 
20 II ; White et a!.. 2006) and that HC regeneration occurs in 
embryonic cochlear explants in vitro after laser ablat ion of HCs, 
with regeneration ending - 48 hours after HC fate commitment 
(Kell ey et a!. , !995) . In other studies, HCs were damaged in the 
neonatal rat cochlea using antib iotic treatment in vivo and in vitro 
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Fig. 8. Myo7a• cells are active in the cell 

cycle . (A-D) Confocal image of EdU 

incorporation (green) in Myo7a• cells (magenta) 

in the Atoh1DTA model4 hours after EdU 

injection at P4. (E-H) A pH3+ (green) HC (Myo6, 

magenta) was observed at P4 in the Atoh1DTA 

model. (G-H) Cross-section focused on th.e pH3• 

HC indicated by the arrow in E. Note that Myo6 

expression of th is cell is less robust than in 

· adjacent cells . (1-K) An Edu• (green) HC 

(calbindin, magenta) with mitotic figures 

(Hoechst, grayscale) was observed in the 

Atoh1DTA model24 hours after EdU injection at 

P4. (L,M) Control tissue (lacking either the Cre or 

DTA allele) shows expression of ca lbindin 

(magenta) in HC nuclei in tissues that were 

processed for EdU staining. (N,O) A pH3• 

(green) HC (Myo7a, magenta) was observed at 

P7 in the Pou4f3DTP/• model. Scale bars: 10 ~m . 
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1234567 

Postnatal day 

and transient 'atypi cal cell s' were found that resembled immature 

HCs, with tufts of microvilli in the damaged regions (Daudet et al. , 

1998; Lenoir and Vago, 1997; Pari etti et al. , 1998; Romand et a l., 

1996; Zine and de Ribaupierre, 1998). However, it is unclear 

whether these cells expressed HC markers or if mitotic regeneration 

occurred. Moreover, the ototoxic antibiotic treatments were unabl e 

to damage HCs in the apical turn of the cochlea and most analyses 

were undertaken many days after HC damage. ln our experiments 

using an effective method to eliminate neonatal HCs throughout the 

cochlea, we observed spontaneous HC regeneration during the first 

postnatal week. Fate-mapping exper·iments us ing a SC-specitic 

CreER line and the Hes5-nlsLacZ allele reveal SCs as the so urce of 

newly regenerated HCs. 
In experiments in which the Hes5-dsLacZ a ll ele was used to fate 

map SCs, the /ac7/Myo7a+ cel ls observed are most likely to be 

regenerated HCs derived from HesS -expressing SCs, particularly 

when interpreted in conjunction with the fate-mapping resu lts 
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obtained using the Cre-lox P system in the Pou4f307'~~ model. It is 

possible, but unlikely, that Myo7a+ ce ll s de-differentiated aLJd 

upregulated HesS, considering the antagonistic eftect of HesS on the 

HC differenti at ion facto r Atoh I (Doetzlhofer et a l. , 2009; Kell ey, 

2006). 
HC regeneration in non-m amm alian vertebrates occurs by two 

mechanisms: mitotic regeneration and direct transdifferentiation . 

During mitotic regeneration , a SC first divides and then several days 

later one or both daughter cells changes fate to become a HC (Adler 

and Raphael, 1996; Baird et al. , I 996; Corwin and Cotanche, I 988; 

Jones and Corwin, 1996; Ryals and Rubel, 1988; Warchol and 

Corwin, 1996). Fate mapping of SCs in our models revealed traced 

Myo7a+ cells; thus, 1-IC loss led SCs towards a HC fate in all tu rns 

of the cochlea, albeit predominantly in the apex. By apply ing mitotic 

tracers, we detected EdU+ SCs and fate-mapped Edu+!Myo7a• cells, 

indicating that the neonatal mouse cochlea can, to a limited ex tent. 

pro liferate in response to HC loss and th at some of these 
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Fig. 9. f'egenerated HCs are similar to ~ndogenous HCs. -:::onfocal 
images of Edu• (green) cells co-labeled V'ith HC markers in the apical turn 
of Atoh1DTA mice. (A-C) Four hoJrs after EdU injection at F5 Edltr ::ells 
also exp·ess calbind in (magenta). (0-F) T.vo days after EdL injectior at P4 
(a t P6) , Edu · cel ls express parva.bumin ("VALB; magenta) . (·3-1) Si~ days 
after EdU injection a\ P4 (at P10), EdU' c.~lls express prestir :magerta). 
Note that pres tin is expressed n the cytoplasm of the EdU' -i::: indicated 
by the armwhead, which is characteristic )fa young HC (Mch~ndras ngam 
et al. , 201 )). (J-L) Eleven days after EdU njection at P4 (at ::> 15) . EdJ" 
cells (biLe) have espin' (green) stereocilic bundles. ( .) Cross-sectior 
focused :m the EdU ' HCs indicated bi' the arrow in J and K. 
(M-0) Scanning electron micro~raphs of tle apical turn in A10.11D!A mice 
at P15. ( 'J 1 High-m agnification ima£e of W, showing an imm2t Jre 
stereocilia bundle. The immatu·e bundle in 0 still has a kino·:ilium. (F-
R) Confccal images of EdU' (green) HCs ;Myo7a, magenta). in the a~•ical 
turn of A;oh1DTA mice at P10 after EdU ir jection at F'4 . Sca ce bars: iO IJm 
in A-L ,P-'<; 1 IJm in M-0. 
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proliferating SCs can acquire a HC fate. Interestingly, we observed 
the expression of the mitotic markers EdU and pH3 in Myo7a+ and 
Myo7a+/Sox2+ cells, which likely represent a differentiating SC or 
an immature HC. We postu late that the processes of cell cycle entry 
and that of differentiation towards a HC fate might overlap. Future 
studies using time-lapse imaging wo uld be useful in investigating 
these steps further. 

The other reported mechanism for HC regeneration is direct 
transdifferentiation, in which a SC directly acquires a HC phenotype 
without mitotic division (Adler and Raphael, 1996; Baird et a!., 
1996; Jones and Corwin, 1996). The experiments reported here did 
not directly address this mechanism because of the limited labeling 
efficiency of the mitotic tracers used. However, the number of 
EdU-/Myo7a+/tdTomato+ cells observed in Pou4j3DJJI/+; Lgr5c"'Efl!+; 
ROSA2(jCAG-IdTomO/ol+ mice was -15-fold greater than the number of 
EdU+/Myo7a+/tdTomato+ cells detected, which suggests that some 
of these cells were derived from direct transd ifferentiation. The 
avian auditory epithelium regenerates via direct transdifferentiation 
1-2 days after ototoxic antibiotic exposure (Cafaro et a!., 2007; 
Roberson et a!., 2004), and this mechanism has been reported to be 
the primary mode of HC regeneration in the adult mouse utricle 
(Forge eta!., 1993; Forge eta!., 1998; Golub eta!. , 20 12; Kawamoto 
et a!., 2009). In addition, Lgr5+ SCs can generate HCs via both 
mechanisms in vitro (Chai eta!. , 20 12). Of note, both methods of 
fate mapping might underestimate the total number of regenerated 
HCs res ulting from direct transdifferentiation because of the 
incompl ete label ing with the Cre-loxP system or Hes5-nlsLacZ 
allele and the possibility of other progenitor cel l types. 

The vast majority of regenerated HCs were observed in the apical 
turn of the cochlea. Our results are in agreement with previous 
findings that in vitro HC regeneration after laser ablation of embryonic 
HCs decreased in a basal-apical gradient (Kelley et a!., 1995). Both 
HCs and SCs continue to mature during the first postnatal weeks, with 
cytoskeletal, morphological and functional changes detected in cells 
from the basal tum 2-3 days before cells in the apex (Hall worth et a!., 
2000; Jensen-Smith eta!., 2003; Legendre et a!. , 2008; Lelli eta!., 
2009; Szarama eta!. , 20 12). Thus, cells in the apical turn are less 
mature, which might provide a petmissive environment for HC 
regeneration. Alternatively, the presence of two different HC 
regeneration mechanisms working in concert in the apex might 
indicate the presence of undifferentiated progenitor cells. It is worth 
noting that the apical turn of the cochlea is the tirst to exit the cell 
cycle and the last to acquire a HC or SC fate during embryonic 
development (Lee eta!., 2006; Lumpkin et a!. , 2003; Montcouquio l 
and Kelley, 2003; Ruben, 1967) . 

Prev ious studies characterized an age-dependent decrease in 
stem/progenitor cells isolated from the cochlea (Oshima eta!., 2007; 
White eta!., 2006). This decline correlates well with our finding that 
the ability of the cochlea to spontaneously regenerate HCs 
dimini shed I week after birth, suggesting the loss of either 
progenitor cell competence or a corresponding niche. ln support of 
this theory, there is an age-dependent decline in the abi li ty of the 
coch lea to respond to Atoh !-mediated conversion of SCs into HCs 
(Kelly et a!., 20 12; Liu eta!., 20 12a) and Sox2/p27Kipl control of SC 
proliferation (Liu eta!., 2012b) . Such an age-dependent decline in 
the ability to self-repair has been observed in other organ systems: 
hearts from PI mice can regenerate after dam age and thi s 
regenerative capacity is lost in P7 mice (Porrello eta!., 20 11). 
Interest ingly, heart regeneration correlated with the endogenous 
proliferative capacity of cardiac tissue, whereas we found 
regeneration capacity in the cochlea more than a week after the cells 
in the organ of Corti had become quiescent. 
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Fig. 10. No signs of HC regeneration when 

HC loss occurs 1 week after birth in the 

Pou4fJDTRI+ model. Projection images of Myo7a 

immunofluorescence in cochlear whole-mounts 

of control wild-type mice at P9 (A-C) and 

Pou4f3°TRI• mice at pg (D-F) and P11 (G-1) after 

DT injection at P6. Confocal images of 

WTomato• (magenta) HCs (Myo7a, green) in 

the apical turn of control ( LgrscreERI•; 
ROSA26CAG·tdTomatot• ) (J) and Pou4,3orRI•; 

LgrsCreERI•; ROSA26CAG-tdTomatot• (K) mice that 

were given tamoxifen at P1 , DT at P6,-and 

analyzed at P9 . Scale bars: 50 ~min A-1; 20 ~m 
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Based on the timing of expression f.)r variots HC markers, we 

conclude that regenerated HCs follow a ;imilar pattern of maturation 

to normal HC development. Interestingly, the Atohl DTA model 

retains conditions favorable for the expression o:: prestin, a tern1inal 

outer HC marker that is not expressed in SC-der:ved HCs generated 

from ectopic expression of Atoh I (Liu eta!., 20 12a). Unfortunately, 

regenerated HCs only contributed to a :nodest and transient degree 

of repopulation of the organ of Corti, and mo~t regenerated HCs 

died by PIS. The inability of regenera·.ed ECs :o survive could be 

caused by the lack of the survival factor Pou4fJ and/or loss of SCs, 

which normally provide structural and tropr ic support. In the 

described HC damage model s, 80-90% of HCs cegenerate and more 

than I 00 SCs per cochlea change fate to becom::: HCs, with a small 

amount of proliferation that is evidently insuftl :ient to compensate 

for the overall cell loss. As a result, the regenel:lting organ of Corti 

is not only discuTaycd, but contains an abnor:nal ~om position of HCs 

and SCs, which might affect the survival of r:::generated HCs. In 

addition, the endocochlear potential no:mally develops between P II 

and P 17 (Rybak eta!., 1992) and mig.1t play a role in the death of 

regenerated HCs by causing excitotox .city. It i ~ probable that these 

factors, individually or in combinatior., contribute to the demise of 

regenerated HCs. Identification of factors capa-)!e of promoting the 

survival and functional maturation of rege:1er2ted HCs could have 

significant therapeutic benefits. 
Finally, regenerated HCs in our mod:::ls come from unmanipulated 

SCs; thus, the regeneration process ·,ve obse~ved is the ir natural 

response to HC death. The Atohl DTA aJld Pou4_f3DTR'· models likely 

induce HC death by react ive oxygen species-induced apoptosis 

(Abrahamsen et al. , 2008; lvanova et :tl. , 20051, which is similar to 
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the major cell death pathway imp licated in noise- or drug-induced 

HC death (Cierici et al., 1996; Henderson et al., 2006). Thus, our 

observations are likely to have implications for HC regeneration in 

response to various insults. 
In summary, our data demonstrate that the postnatal mammalian 

cochlea has the intrinsic capacity to spontaneously regenerate HCs 

after damage, which was believed to occur only in non-mcu11malian 

vettebrates. These models are applicable to the further study of the 

molecular mechanisms of mammalian HC regeneration, which 

coul d lead to the identification of drug targets for the treatment of 

hearing loss in humans and improve our understanding of factors 

that promote the:: survival of regenerated HCs and factors that limit 

HC regeneration in the maturing cochlea. 

MATERIALS AND METHODS 

Mouse models and treatments 

ROSA26DTA (lvanova et al. , 2005), Lgr5CrvEW- (Barker et al. , 2007), 

ROSA2e:AG-IdTomalo'• (Madisen et al., 20 I 0) and ROSA26CAG-ZsGn:en.·• (Madisen 

et al. , 20 I 0) mice were purchased from TI1e Jackson Laboratory (Bar Harbor, 
ME, USA). Atoh l-CreER™ (Chow et al. , 2006), Pou4j3° m. . (Golub et al., 

20 12; Tong et al., 20 II) and Hes5-nlsLacZ (lmayoshi et al. , 20 I 0) mice were 

kind gifts from S. Baker (St. Jude Children's Research Hospital , Memphis, 

TN, USA), E. Rubel , L. Tong and R. Palmiter (University of Washington, 

Seattle, WA, USA) and R. Kageyama at (Kyoto University, Kyoto, Japan). 

Prestin-CreERT2 mice were generated in our lab (Fang et al. , 20 12). 

Genotyping for LgrsL"'ERI•, ROSA2tf'AG-IdTomaro:-, ROSA26CAG-Z.Gn:en!< , Atohl-

CreER™ and Prestin-CreERr2 mice was described previously (Barker et al. , 

2007: Chow et al ., 2006; Fang et al., 2012 ; Madisen et al. , 2010). Genotyping 
for ROSA2607~ mice, Hes5-nlsLacZ mice and Pou4j3DTW• mice is described 

in suppl ementary material Table S I. Tamoxifen [3 mg/40 g body weight, 
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" c: ,L'\ Tarnoxifen ~ ' H+J,.~ Prestin-CreER T2. 

ROSA26CAG-ZsGreen/+ mice 6 7 8 15 

Postnatal day 

Apical Middle 

c 
Basal 

Development (2014) doi:10.1242/dev.103036 

Fig. 11 . No signs of HC regeneration when 
HC loss occurs 1 week after birth in the 
PrestinDTA model. (A-C) Prestin-CreERT2; 

ROSA26CAG-ZsGreenJ• mice induced with 

......... .:,::.- : .::: :: ::""'.· .. ~ .. -.. · .. -~·-· .. "' .. · .. -.. "":-.. · .. 

tamoxifen from P6-P8 and analyzed at P15 
have robust Cre activity in a ll outer HCs. HCs 
are labeled with Myo7a (magenta) . Projection 
images of Myo7a immunofluorescence in 
cochlear whole-mounts of control mice 
(lacking the Cre or DTA allele) at P8 (D-F) and 
PrestinDTA mice at P8 (G-1) and P11 (J-L) 
given tamoxifen from P6-P8. Scale bars: ·so 
~m . 

PrestinDTA mice 

Apical Middle 

Harvest 
Tamoxifen 

v 

I i lA 
6 7 8 11 
Postnatal day 

intraperitoneal injection (IP); Sigma] was injected once at PO and PI for 
A10h !-Cre£R7M mice and once at P6, P7 and P8 for Prestin-CreER~"1 mice. 
Tamoxifen (0.75 mg/g) was given by gavage to Lgr5c,.EW· mice. DT (6.25 
ng/g, IP, List Biological Laboratories) was injected at either PI or P6 into 
Pou4f3Dm ··- mice. EdU (Click-iT EdU Imaging Kit, Invitrogen) was injected 
(50 f.Lg/g. IP) once daily at P3-P5 into Pou4j3DTR "• and Atohl Dr4 mice; EdU 
was injected (10 11g/g, !P) once at the designated ages . Mice ofboth genders 
were used in this study. 1l1e n value throughout the paper reflects the number 
of animals analyzed per experiment. All animal work was approved by the 
Institutional Animal Care and Use Committees at St. Jude Children's Research 
Hospital and Stanford University. 

lmmunostaining 
Cochlear samples were fixed in 4% parafom1aldehyde overnight and standard 
immunohistochemistry was perfom1ed (Mellado Lagarde et al. , 20 13). For 
Sox2 staining, 0.02% sodium azide was added during the blocking and 
antibody incubation steps . TUNEL staining was performed using the in Situ 
Cell Death Detection Kit, TMR Red (Roche Applied Science) fo llowing the 
manufacturer's instructions, except fo r increasing the sodium citrate 
concentration in the permeabilization step to 1%. The following primary 
antibodies were used: an ti-p-gal (I :500, AB936 1 Abeam), anti-calbindin 
(1:500, AB 1778 Millipore), anti-espin (1:5000, a gift from DrS . Heller, 
Stan ford University, Palo Alto, CA, USA), anti-Myo6 conjugated to Alexa 
647 ( I :40, specific request Proteus BioSciences), anti-Myo7a (I :200, 25-6790 
Proteus BioSciences), ant i-pH3 conjugated to Alexa 555 (I :50, 3475 Cell 
Signaling), anti -Prox I ( I :500. AB5475 Millipore), anti-parvalbumin ( I: I 000, 
P3088 Sigma), an ti-VG!ut3 (I: 500, 135203 Synapt ic Systems, Goettingen, 
Germany), anti-prestin (I :200, sc-22692 Santa Cruz Biotechnology), anti ­
Sox2 ( I: I 000, sc-17320 Santa Cntz Biotechnology) and anti-Pou4f3 (I :500, 
sc-81980 Santa Cntz Biotechnology). Nuclear staining employed Hoechst 

Basal 

33342 (I :2000, Invitrogen). EdU staining was perfom1ed using the Click-iT 
EdU Imaging Kit (Invitrogen) following the manufacturer 's instructions. All 
secondary antibodies were Alexa conjugated (Invitrogen) and were used at 
I :500 or I: 1000. Images were taken using a Zeiss LSM 700 confocal 
microscope and 3D reconstmction was perfom1ed using lmaris 7. 1 software 
(Bitplane). 

Cell counts 
For counts of traced HCs in the Pou4f3D7R ; ; Lgr5Cn£W•; ROSA2PG-rd"fumnm.'• 
and Atoh I DTA; Hes5-nlsLacZ samples, we imaged the entire cochlea using a 
4Q x objective and counted Myo7a• or Sox2•1Myo7a- ceUs that co-expressed 
/acZ or tdTomato. The same procedure was used to quantifY EdU•1Myo7a+ 
cells, while EdU+ or traced SC counts were obtained from counting 225 f.lm 
regions of each tum. For Pou4fJ+ HC counts, two 200 fll11 regions of the apical 
tum were analyzed. 

Scanning electron microscopy 
Samples were prepared as previously described (Steigelmau et al. , 20 II ) and 
were imaged using a JEOL 7000 fie ld emission gun scarllling electron 
microscope (Uni versi ty of Alabama, Tuscaloosa, AL, USA). 

Auditory brainstem response 
Animals were anesthetized with Avertin (0.6 mg/g, IP) and frequen cy­
specific auditory responses were measured using the Tucker-Davis 
Technology System Ill System (Alachua, FL, USA) as previously described 
(Mel lado Lagarde et al. , 20 13). 

Statistical analysis 
All data are presented as mean± s.e.m. Statistical analyses were conducted 
using GraphPad Prism 5.0 software. 
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Atohl is a basic helix-loop-helix transcription factor that controls differentiation of hair cells (HCs) in the 
inner ear and its enhancer region has been used to create several HC-specific mouse lines. We generated a 
transgenic tetracycline-inducible mouse line (called Atohl-rtTA) using the Atohl enhancer to drive 
expression of the reverse tetracycline transactivator (rtTA) protein and human placental alkaline 
phosphatase. Presence of the trans gene was confirmed by alkaline phosphatase staining and rtT A activity 
was measured using two tetracycline operator (TetO) reporter alleles with doxycycline administered 
between postnatal days 0-3. This characterization of five founder lines demonstrated that Atohl-rtTA is 
expressed in the majority of cochlear and utricular HCs. Although the tetracycline-inducible system is 
thought to produce transient changes in gene expression, reporter positive HCs were still observed at 6 
weeks of age. To confirm that Atohl-rtTA activity was specific to Atohl-expressing cells, we also analyzed 
the cerebellum and found rtTA-driven reporter expression in cerebellar granule neuron precursor cells. The 
Atohl-rtTA mouse line provides a powerful tool for the field and can be used in combination with other 
existing Cre recombinase mouse lines to manipulate expression of multiple genes at different times in the 
same animal. 

C onditional gene expression enables the temporal study of genes during developn~ent and in adulthood. 
This method also allows for cell-type specific gene manipulation and alleviates embryonic lethality which 
can occur when certain genes are overexpressed or deleted in the germline. The Cre-mediated recom­

bination system (Cre!loxP) is the most common method to delete or ectopically express genes in a cell-type 
specific manner, with temporal control of gene expression achieved by fusion ofCre recombinase with a modified 
tamoxifen-inducible estrogen receptor (CreERTM or CreER,.,) (reviewed in') . Tetracycline-inducible mouse 
models (Tet-On or Tet-Off) can also be used for conditional gene expression and in contrast to Cre!loxP, gene 
expression changes are transient'·3• In some cases one needs to manipulate expression of multiple genes in two 
different cell types or in the same cell type but at different ages. This can be achieved by combining Cre!loxP and 
tetracycline-inducible mouse models. Unfortunately there are few tetracycline-inducible mouse lines with cell­
type specific expression available, thus warranting the development of new models. 

The Tet-On system uses a reverse tetracycline transactivator (rtT A) protein that binds to the promoter and 
activates transcription of a second trans gene which contains a tetracycline operator (TetO). The rtTA protein can 
only bind to TetO and activate transcription in the presence of doxycycline (a more potent analogue of tetra­
cycline). Once doxycycline is removed, transcription will cease since rtTA can no longer bind to TetO, allowing 
for transient control of gene expression (Figure 1A)2

•
3

• Cell-type specific expression can be achieved using specific 
promoters or enhancers to express the rtTA protein. This mechanism is distinct from the Cre!loxP system, and 
thus the two methods of conditional gene expression can be combined. 

Atohl , also called Mathl in mice, is the mammalian homolog of the Drosophila gene, atonal, and is a basic 
helix-loop-helix transcription factor that controls differentiation of hair cells (HCs) in the inner ear• and pro­
liferation of granule neuron precursor cells in the cerebellum5

• The 1.7 kb enhancer element located in the 3' 
untranslated region of Atohl 6 has been used to generate several mouse lines: Atohl-Cre7

, Atohl-CreERTM.s, Atohl­
CreERTz.•, and Atohl-eGFP'0

. Because each of these mouse models has Cre or eGFP expression in HCs and 
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Figure 11 Components of the Tet-On system and alkaline phosphatase staining. (A) Diagram explaining the Tet-On system. (B) Modified Atohl­

CreER-IRES-hPLAP-SV40 Intron- polyadenylation construct' showing replacement of the CreER sequence with the 3G rtTA sequence. Representative 

alkaline phosphatase (AP) staining images of FlO and F26 showing the presence of the Atohl-rtTA transgene in the apical turn of the PO cochlea (C, E) and 

utricle (D, F). (C' and E') High magnification images of region labeled by the black squares in (C) and (E). Scale bars: 100 11m in (C-F) and 20 11m in (C' ) 

and (E') . Schematic of the TetO-mCherry (G) and TetO-LacZ (H) reporter alleles. 

cerebellar granule cells, we used the same enhancer element to gen­

erate a HC-specific Tet-On mouse model. Here, we describe the 

generation and characterization of an Atoh1-rtTA mouse line in 

the inner ear. 

Results 
The CreER sequence in the Atoh1 -CreER-internal ribosome entry site 

(IRES)-human placental alkaline phosphatase (hPLAP)-SV40 intron­

polyadenylation construct (Atoh 1-CreER-IRES-hPLAP-SV 40-polyA) 
was replaced with a 3G rtTA (Figure lB). This 3'd generation rtTA has 

reduced levels of basal expression and increased sensitivity to dox­

ycycline compared to Tet-On and Tet-On Advanced systems". After 

pronuclear injection, seven founders were produced and the pres­

ence of the transgene was confirmed by Southern blot and PCR 

analysis. All founders went through germline transmission. 

However, two founder lines did not breed well; thus we assessed 

rtTA activity in five founder lines (F7, FlO, F12, F23, and F26), each 

of them showing expression of hPLAP in HCs of the cochlea and 

utricle at postnatal day (P) 0 (Figure lC-F). 

We used two rtT A reporter alleles since their reporter activity 

varied. The TetO-mCherry reporter is a knock-in allele where the 

TetO element and mCherry coding sequence fused to histone H2B 

were inserted downstream of the endogenous collagen type 1, alpha 1 
(Collal) promoter (Figure 1G) 12

• This reporter is robust since the 

Coil a1 promoter is strongly expressed in epithelial cells13
, and the 

mCherry molecule provides bright endogenous fluorescence that is 

photostable14
• In contrast, the TetO-LacZ reporter is a transgenic 

SCIENTIFIC REPORTS I 4: 6885 I DOl: 10. 1 038/srep06885 

allele where LacZ is under the control of the human cytomegalovirus 

early promoter (CMV) fused to the TetO element (Figure 1H) 15
• 

LacZ expression is variable, requiring X-gal staining or an anti-pga­

lactosidase ( pgal) antibody for detection. 

Reporter alleles were first tested for basal activity at P3 with TetO­
reporter+"" mice administered doxycycline between PO-P3, but in the 

absence of the rtTA allele. In TetO-mCherry+~ mice, no mCherry+v• 

cells were seen in the sensory region of the cochlea or utricle 

(Figure 2A, B). However there was an apical-to-basal gradient of 

increasing mCherry+"' cells in the spiral ganglion (SGN) region of 

the cochlea (Figure 2A- A') as well as several mCherry+ve cells in 

the utricular stroma (Figure 2B') . In TetO-Lacz+vo mice, no Lacz+•·• 

cells were observed in the cochlea or SGN; however, in the utricle, 

several Lacz+v• supporting cells (SCs) were observed, but no HCs or 

stromal cells were labeled (Figure 2C-C"). The presence of reporter ' v, 

cells in the absence of the rtT A protein has been reported previously in 

other organ systems 15
• 

We also tested for leakiness of rtTA activity in the absence of 

doxycycline using Atoh1-rtTA +v•; TetO-mCherry+ve or Atoh 1-

rtTA+v•; TetO-Lacz+ve m ice from the F?lineage analyzed at P3. No 

mCherry+ve cells were observed in the sensory regions of the cochlea 

or utricle; however, there was an apical-to-basal gradient of increas­

ing mCherry+ve cells in the SGN region (Figure 2D- D') and 

mCherry+ve cells in the u tricular stroma (Figure 2E-E'), similar to 

the basal activity seen in TetO-mCherry+ve controls that received 

doxycycline but lacked the rtTA allele (Figure 2A-B'). No Lacz+v• 

cells were detected in Atoh 1-rtTA +ve; TetO-Lacz+ve cochleae 
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TetO-mCherry<v• 
+ Doxycycline 
(Atoh1-rtTkve) 

TetO-Lacz+v• 
+ Doxycycline 
(A toh1-rtTkv•) 

Atoh1-rtTA(F7)•vo 
Te tO-mCherry<v• 
No Doxycycline 

A toh 1-rtTA(F7)•ve 
TetO-Lacz+v• 

No Doxycycline 

Figure 21 Basal activit; of Te -O-reporters md Atohl-rCA(F7) activity in thf absence of doxycycline. Representative coLfocal images of a TetO­
mCherry•vo (Atohl-rtTI1-•' ) ccn:wl coch.ca {A-A') and utricle (B-B') at P3 f.-on mice that were admirustered doxy:;-:·:Lne t::> test for basal e;q:ression of 
the TetO-mCh erry reporter. m::::~ .::rry• •• :ells were detected in the SGN rqio< c• :" the cochlea {A-A') ar:.d in the utricllcr >troma {B-B ') . Nok in A' the 
labeled cells in the organ ofCeor:i ue reci bbod cells No :nCherry••• ceJ~ \J~rf cetected in the senS)rr region of e:t:1e the cochlea or utricle. (C-C' ) 
Representative confoc<L image> ::>:"a TetO -L'lcz••• (I: tohl -rtTA - "' ) contrcl u~ride at P3 frorr mice t 1at were admir i.;tered .]oxycycline totes: for b ~sal 
expression of the TetO-.:..acZ re::><Jr er. Sor..e :..acZ+v' ~Cs bat no Lacz• vo HCs-'w'ere :letected. (C") Higl: rragnification i:n<ges of the region outli:Jed by :he 
white square inC'. Rep ~esenta :i"e confocc.l images of an u:1-induced Atohl-r :T,' (F?) +vo; TetO-mChary• " control CO·:h.ea ( J-D') and utricle :E- E-': at 
P3 that did not receive doxycyd:ne. oCh::rry• " (rfdl cell~ were detected in t:1e SGN region cfthe b~s<L turn of the :ochlea :D-D') and in the urtinlar 
stroma (E-E ' ). No mCl-erry+v' ~Us were de·ected in the sensory region of eit:1er t:Je cochlea or utricle. ::l.epresentati;~ or: focal image of an un-induced 
Atohl-rtTA(F?) ."; TetO-La,z·~ control co.:hlea (F) and Ltricle (G-G' ) at P3 tbt did not receive do:::ycydine. Severa. l-:Cs (myo?a•", green) expres~ ed 
LacZ (red) in the media regior of :he ·.1tr:: le {G-G·) and r.o Lacz•·• cells Nere de~ected in the cochle3 (F:·. (G') Hig1 m l gni'ication image of tl-.e region 
outlined by the white square in• ( .3: . Arro·vhcads denot~ Lccz••• HCs. Myo73 (gteen) was use:! to label :-r ::s in most pr:els . . )cale bar: 50 ~m i"l (A- A') , 
(D-D' ), and (F), 100 ~r:J in( ~-:: · ), (E), an:! (G), 3r.d 20 ~min (C") anc (::: ') 

(Figure 2F), while in tl-.e utricle some Lc.cz• v• SCs were observed and 
a small percentage cf HC~ ir: the medial region were LacZ•" 
(Figure 2G-G') . 

Each of the Atohl -rtT A fc•under :ines was br~d with a TetO­
mCherry or a TetO-LacZ r~po~t e r m::>Lse and double-transgenic 
offspring (Atoh l -rtT J' +v•; T~tO-repor: ~ r• v•) acmi:Jis·ered doxycy­
cline between PO-P3 were eva l.1ated at P3 fo~ : tTA activity. The 
five Atohl-rtTA founders tr-~d with the TetO-mCf:erry reporte r 
showed robust expres:;ion of mCherr~·h' cochlear HCs: F7 = 99.6 
::':: 0.1 %, FlO = 99.7 ::':: 0.2°0 , Fl2 = 98 2 ::':: C. <;%, F23 = 69 .6 ::':: 
11.5%, and F26 = 94 4 ::':: l.6 'f,, (mChe~ry+vo HCs e-<pressed as a 
percentage of total HCs, n = 3, Figme 3A-E', K) . ':'here was no 
significant difference _n the r:u:nber :f mChe:ry- v' :ells betweer. 
inner and outer HCs or acres; cochle3 Urns for any founder line. 
In addition, the inten.;ity o:" the mCI:er:-y reporter v·as very con­
sistent across all tu:ns oi' tl-.e co.:hl::a an:i in all founders 
(Figure 3A- E') . HowEver, there were variatio:-~~ in the cell type­
specificity of mCherr: expr.e;s on (T3l:le 1). F26 was the only 
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fo ·_r.der in which mChcrry expres;icn v•as specific to ECs. F7, 
Fl<J, and F23 each had :nCherry+ve HCs ir. all turns of the cochlea. 
In lpical and mid:lle turns, mCI:erry expression was orJy 
Jb:e rved in HCs . Hw.:ever in the b~s:al turn of these fJunde~s . 
:hero were some mC:1e~ry+ vc in neE :::·halar geal cells (IPhCs) (a SC 
;u': type that surroun:ls inner HCsl ar.d a few mCherry+v, cells in 
~he greater epithelia· rkge (GER •. Lastb, Fl2 had HC-specflc 
:nCJ-,erry labeling orly in the ap~:::. In 1ddition to mCherry - v' 
=-res. the middle turn had few mChtrry~v, IPhCs, which increased 
:n .<Jmber in ·_he basal t·.Irn. 

·-:he cochlea Jf Ato/-1 -rtTA; TetO-LacZ rrice also showed ;ariabJ­
ity 1:nong the f:ve fou.>d::rs : F? = 7; .') ::: 11.0%, FlO= 85.8 ::':: 3.3''o , 
Fl~ = 84.1 ::':: 4.6%, F23 = 63.5 ::':: .J.E.%, md F26 = 78 .7 ::':: 2.8% 
(Lc.:z:+vo HCs ::xpres~ec as a perc·~Dt<.go Jf total HCs, n = 3-4, 
Fip~e 3F-J', L). Ther= was no sigrLf.c;;.nt 6fference in the numb~r 
ofLacz+vo cells Jetwee:1 in.>er and OL t:r HC~ or across cochlear turns 
in any founder. All bun:iers had LacZ e<pression in oth-e r cells 
bes:ces HCs (Table 1). Ir. F7 and F26, LacZ expression was 6e mo>t 
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Figure 3 I Atohl-rtTA activity in the cochl~a. Represen tative confocal images of mCherry+•• (red) cells ir: the middle turn of each founder line breed with 

the TetO-mCherry reporter at P3 (A-E) and corresp·Jnding merged images where HCs were labeled with myosin VIla (Myo?a, green) (A '-E'). 

Representative confocal images of Lacz+-• (red} cells in the middle turn of each founder line breed wiL1 the TetO-LacZ reporter at P3 (F-J) and 

corresponding merged images where HCs were labe:ed with Myo?a (green) (F'-J'). (K) Percentage of ~V!yo?a+ •• cells that express mCherry in each 

founder line, normalized to the number of lotal Myo:'a+-• cells in the same region. (L) Percentage ofMyo7a+"' cells that express LacZ in each founder line , 

normalized to the number of total Myo?a-•• cells in the same region. Data are ex;JTessed as mean:!:: S.E.M for ann of3-4. IHC, inner hair cells; OHC, 

outer hair cells. Scale bar: 50 ~m. 

specific to HCs with both lines having few Lc.cz+ve IPhCs in the basal 

turn. There were also some Lacz+ve cells ir. the SGN region of the 

basal turn for F26. In F23, LacZ expres.;ion ·-vas ;pecific to HCs only 

in the apical turn with a moderate amount of Lacz +v• IPhCs and cells 

in the GER in the middle turn that increased in t:1e basal turn. Lastly, 

FlO had some Lacz+v• IPhCs and GER cells in all three cochlear 

turns, while Fl2 had an apical-to-basal gradien t of increasing 

quantities of Lacz+ve IPhCs. In contrast to the c::msistent mCherry 

intensity, LacZ intensity varied from cell to cell across all founders 

(Figure 3F-T'). 

In Atohl-rtTA; TetO-mCherry utricles, the percentage of total 

mCherry+ve HCs were: F7 = 78.2 ± 0.6%, Fl O = 85.6 ± 0.5%, Fl 2 

= 73.7 ± 4.1 %, F23 = 48.6 ± 6.4%, and F26 = 79.4 ± 3.6% 

(mCherry+ve HCs expressed as a percentage of total HCs, n = 3, 

Figure 4A-E, K). Several of the Atohl-rtTA; TetO-mCherry founders 

showed a significant difference in the percentage of mCherry+ve HC.s 

Table _1 1. Summary of Atoh 1-rtTA activity n ·non-hair cells' of the cochlea 

F7 Fl O F1 2 

TetO-mCherry Base = Few GER, 
SeveraiiPhC 

TetO-LacZ Base = Few IPhC 

3ase = Few GER, 
Se\e·aiiPhC 

4pex. Middle, and 
Ba,e = Few IPhC and GER 

SCIENTIFIC REPORTS I 4: 6885 I DOl: 10. 1 J38 / srep06885 

Middle = Few IPhC 
Base = Moderate IPhC 

Apical to b-:~sa l gradient 
of increasing IPhCs 

F23 

Base = Few GER, 
SeveraiiPhC 

Middle = Few IPhC 
and GER 
Base = Moderate 
IPhC and GE< 

F26 

N/ A 

Base = Few IPhC, 
FewSGC 
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Figure 41 Atohl-rtTA activity in the utric:.e. (A-E) Representati·;e confocal images of mCherry+" (red) cells l:ld Myo7a-l<beled HCs (green) in the 
utricle for each founder line breed with the fetO -mCherry reporte: at P3. (F--:Tl Representative confocal images oi LacZ+" (re:i) celh ar.d Myo7a-labeled 
HCs (green) in the utricle for each founder lin ! breed -with the TetO--LacZ reJxter at P3. (K) ·Percentage of My:>7a+" cells --hat exp~ess mCherry in 
utricular regions of each founder line, normalized to the number cf total Myo7~ + .. cells in the same region. (U Pf :cent age of '\1yoh+ ''cells that express 
LacZ in utricular regions of each founder lir:e, ncrmalizec to the n.1mber of to:cl Myo7a+•• cells in the same regiJJ. Data are expressec as mean :t: S.E.M 
for ann of3. Statistical differences between reg:cns we:e :>btained using a t\vc--.vay AN OVA followed by a Tukey's posthoc tfst. *p <).OS, **p < 0.0 1, 
***p < 0.001. M, medial; S, striolar; L, lateral ).:ale bar: 100 J.lm. 

in different regions of the utricle (Figure4K). This in:luded a differ­
ence between striolar and lateral region:; in ?7, FlO, and Fl:! and a 
difference between medial and striolar r::gio::1s in ?IJ. All founders 
had varying numbers of mCherry+" SC; that were f.Jund across all 
regions of the utricle with F7 and FlO ha\hg the fewest a::1d Fl 2 
having the most. Lastly, the mCherry intmsi~- varied ~rom cell to cell 
across all founders (Figure 4A-E). We als:> observ<'!d mCherrt+v• 
HCs in the lateral and superior cristae. 

In contrast, fewer numbers oflabeled c:!lls vere detected in Atoh 1-
rtTA; TetO--LacZutricles: F7 = 57.7::!:: 9.9%, FlO= 7E .O::!:: 7.3%, ? I2 
= 64.5::!:: 0.6%, F23 = 45.4::!:: 8.8%, and F26 = 76.8::!:: 5.8% (lacz+v• 
HCs expressed as a percentage of total ECs .. 1 = 3, Figure 4F-J, L). 
There was no significant difference in the number of LacZ+" HCs 
among utricular regions, however all founder lines had Lacz-v• SCs 
with F7 and F26 having the fewest and F23 n:i FI 2 having the most. 
LacZ intensities also varied with all b ur.cers having a mosaic 
expression pattern throughout the utricle :Figure 4F-)). We also 
observed Lacz +v• HCs in the lateral and ;upeior cristae. 

During postnatal development of the :erebellum, Atohl is 
expressed in proliferating granule neuron precurscrs (GNPs) of 
the external granule !aye~. We therefore lSSeE.sed mCherr;1 express-­
ion in cerebella of the five Atohl --rtTA; TetO--mCherry transgenic 
lines at P3, after doxycycline treatment .,.-as ;dministered fro:n PO­
P3. We observed mCherry+v• GNPs in a.l transgenic lines W:th F7, 
FI2, and F26 having the most labeled cells (Figure SA- J'). n un -­
induced negative controls, which did net re:eive doxycycline, no 
mCherry+v• cells were observed in the c~rebdlum (Figure 5?-P'). 
This fmding confirms that A tohl --rtTA actiYity o-:CJrs in Atohl­
expressing cells in the cerebellum. We alsc examined the rest of 
the brain and only observed mCherry+v• cellt in the hippoccmpus 
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o:- F I2, F23, and F26 (Figure s:<-0'). No other brain region had 
rrCherry expression. This rrise >:pression of mCh~rry in the hip-­
pocampus of three founder li.'lES matches tJ- e eGFP ~xpression seen 
ir: Atohl--eGFP mice which alsc· ~se the Atch l enha::1cer element to 
drive expression of eGFP' 6

• Eo.,.·ever Atohi-eGFP mice have eGFP 
o :pression in the cortex whic'l ;o.as not obstrved ~n our model 16

• 

Additional control experiments were perbrmed •vith Atohl--rtTA 
mice of the F7 lineage whid. :;hawed stro:1g and comistent rtT A 
<ctivity in cochlear and utricular HCs and \\.as HC--.;::>ecific in apical 
<r.d middle turns of the cochlea. -=- hese included mec.suri:lg transient 
expression of TetO reporters h inner ear :issues :and the hearing 
ctility of mice containing the n ~·-vly generated AtJh l --rtT A allele. 

The Tet--On system is desi.sr:Ed to produce trans:ent changes in 
eene expression since the rtT_'\ fiOtei n can no longer ·Jind to TetO 
ar.d activate transcription once coxycy:line is reoo"/ed'·'. To mea-­
sure uansient effects in our sy;km, we used Atohl --rtTA mice of the 
F7 lineage bred with TetO-mOz ary or TetO-LacZ ~ef· Orter mice and 
administered doxy=ycline froo ?)-P3. The cochlea and utricle were 
analyzed at P7, Pn, and 6 weel<s of age. In Atohl-rtTA +v•; TetO­
Lc;cz+v• mice, the oajority of c:J·: hlear and utricula HCs retained 
eDrEssion of LacZ at all ages t ~: ted and nc• HC loss was detected 
(? gure 6A-B) . A s:milar expres1i:m pattern of mChe~r;'+v• HCs was 
s -~en in Atohl--rtTA +ve; TetO-mC~erry+v' mice. Hm..-ever outer HC 
loss was detected at P21 which wc rsened at 6 weeks o: age, but inner 
ECs and utricular HCs remain~c intact (Figu:e 6C- E) . Since the Tet­
e n system requires the presence :.f bo:h the rtTA p~otein and dox­
y::-:•cline for gene expression to xcur (F:gure I A) and the Atohl-rtTA 
tz:ansgene we generated uses the i\toh l enhmcer element to drive 
e::pression of both rtT A and l: HAP (Figure I B), we performed 
alkalbe phosphatas~ staining .n the cochlea and utricl e at 6 weeks 
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Figure Sl Abh.'-rtTA activit:' ir. tte cerebellum anc hippocampus. Representative images of mCherry+" (red) eels in the cerebella (A-J') and 

hippocampu ; (E-C:') of each :'our:der line at P3 after doxycycline administration fern PO-P3. (P-P') un-induced co:ltrol images of Atohl-rtTA(F7) +"; 

TetO-LacZ+-- cere·J~lla withoLt doxycrclim in:iuctio:1. Nuclei are labeled by DAFI {blue) . Scale bars : 200 Jlm. 

of age to c.ete~rdne wheth=r EX?ressio::J. c-f the transgene :?ersists. 

Faint al.ka1i:1e phJsphatase staining was :?resent in the u~ricle of 

Atohl-rtT.fl +vo mi:e from the F71ir.eage (Ftgure 6G) suggesning that 

the transger.e i3 st:.ll expressed lt 6 weeks ofc.ge. However no staining 

was observ6d in be cochle<. (Egure 6F). 
Finally •re mea.;ured the :1ea: i:!g ability of Atohl-rtTA mice using 

evoked auditory brainstem respJnse (A.BR) to investigate whether 

the Atoh 1-.-tTA trans gene !:ad ar.y nega~ive effecl!s on cochlear func­
tion. ABR was :Jerformed on:: oont1 o!C. Aohl-rtTA +>•; TetO­

mCherry+v• mic.c of the F7 l:neage wtthout administration of 

doxycyclir:e a:1d jttermate centrals that lacked both the r~TA and 

mCherry cllel~s. There was n·J significant :lifference in P:.BR res­
ponses bet<-vet.n groups at an'( of ~e frequmci~ s tested (Figure 7). 

Thus we condu:fe that At<Jhl-r~TA. mi:e have normal hearing and 

theAtohl -rtTA. trans gene !-ad no e:Ject on 5enes :equired fo~ hearing 

function. 

Discussion 
We have ceated a new tr<.nsge:lic mousE oodel using thE tetracy­

cline-indt:cible s:-stem to tugct HCs in th~ inne: ear and provided a 

thorough :ha~acterization ::Jf ~TA activ-ity ir. five founder lbes using 

two TetO-repJr:er alleles. :Jifferer.ces in rtTA c. :tivity amcng foun­

ders were ::xp ec~ed since the f .;ohl.-rtT A mouse lines are tra:nsgenics. 

Thus each founder likely ha~ a differen~ insertion site a:1d a dif­

ferent copr r.u:nber of tl:e 1!a:1s5ene In sum:nary, F7, ?10, Fl2, 

and F26 showed rtTA activit;· in the rr.c.jor i~y of coch.ear HCs 

(94-99% \..lith T~tO-mChar;; a:nC. 77-8570 with TetO-LacZ), while 
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F23 v.:1s less robust, labeling 70% of :-ICs with TetO-mCherry and 

64% "'ith TetO-LacZ. F26 was the n:·ost specific to HCs, but had 

hig!-J~· variable LacZ intensity levels which may suggest a lower 

!eve: of rtT A expression. LacZ inte.1sity levels were more robust in 

F7, BlO, and Fl2, but Atohl-rtTA activity was also detected in 

other cell types. F7 showed non-HC reporter expression only in 

the Jasal turn, while FlO and Fl2 la~eled other cells in all turns of 

the c:•chlea . Therefore F7 provides strong and consistent rtT A 

acti·; ity in cochlear HCs and was HC-specific in apical and middle 
tums. of the cochlea. 

h control experiments for basal ac:ivity of the reporter lines and 

leal<iness of the un-induced Atoni-rtTA allele, there was a similar 
exp~E :>sion pattern o: mCherry+·,. ce]s in the SGN of the cochlea, 

m01:::rry+" cells in the utricular stroma, as well as some Lacz+ve SCs 

in t:1 ~utricle. The presence of repcrter +ve cells in the absence of the 

rtT <\_ ?rotein has been reported pr·~vbusly in other organ systems 15 

anc thus these reporter+ve cells can Je ignored in the characterization 

of tht founder lines since they c.rE not related to Atohl-rtTA. The 

TetC-mCherry and TetO-LacZ rep Jrler lines are still useful to mea­

sure :'\.tohl-rtTA-driven activity since no HCs were labeled in the 

coahl~a or utricle and only a few ~Cs were labeled by LacZ in the 

utr .ce. However we observed a srr.al. perce:ltage of Lacz+ve HCs in 

the r..edial region of the utricle in rm -induced Atohl-rtTA +v•; TetO­

La,:Z .. ' mice from the founder 7linecge suggesting that a few utricu­

lar HCs can express LacZ withou~ coxycycline. Yet noJabeled HCs 

we~c observed when the TetO-m :h-:!rry reporter was used in un­

inct:ced negative control experii:le:lts. Taken together this data 
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tum (A.) and utricle (B) of Atohl-rtTA(F7)+"; ~etC-Lac.z+"' mice at 6 weeks 
of age after doxycycline treatrr.ent ended at P3. (A':' is a merged image with 
HCs labeled by myosin VIla (Myo7a, green). Repre~entative confocal images 
of mCherry+-' (red) cells in the middle cochbe.r tucn of Atohl-rtTA(F7)+••; 
TetO-mCherry+•< mice at P21 (C) and 6 weeks of a.se (D) and in the utricle 
at 6 weeks of age (E) after doJ.:ycycline treatne-nt ended at P3. (C', D') are 
merged ~mages with HCs labeled by myosin VII~ (Myo7a, green) . 
Representative alkaline phosphata.;e (AP) stain.ng images at 6 weeks of age 
in the cc-chlea (F) and utricle (G) of Atohl-r 'TA rr.ice from the F7 lineage. 
Scale bars: 50 pm in (A-A'), (C-D) and 100 1-ffi i:J (B, E-G). 

illustrates the importance of us ing more :han one reporter line to 
charac:erize a new Tet-On mouse line. 

In th e cochlea, several founder lines showed mCherry or LacZ 
expression in cells other than HCs includi."lg IPhCs and cells in the 
GER. This may have been caused by a low level of Atohl expression 
when doxycycline was admi:Jistered or by t7ansgene insertion effects. 
Others :uve shown that Atoi-11 is expre.;sed in SCs, although this 
expres~i :m becomes undetectable by embryonic day 17'7

·
18

• 

Therefo~e. some IPhCs at PO-P3 may s:i.J have Atohl expression 
that is below the level of detection. HO\vever the cochlea matures 
in a grad ient from base to apex '9-

22 with .f.tJhl expression persisting 
for the longest period of time in the apex. In :ontrast we observed 
more nCherry+v• and Lacz+·,e IPhCs in middle and basal turns 
which does not match this pattern. In addi:ion not all founder lines 
showed mCherry +v< IPhCs with the same doxycycline induction 
paradign. Thus a more likely explanatior. is that local regulatory 
elemen :1 located near the Atohl-rtTA tra:11gene insertion site could 
have caused expression of rtTA in IPhCs. 

In acdition several of the founders showed a significant difference 
in the p-e~centage of mCherry+•, HCs in dife rent regions of the utricle. 
These regional differences may ;1ave been caJsed by differences in the 
timing o~ cell cycle exit and subsequent EC dilierentiation23

, by dif­
ference~ in postnatal addition ofHCs among regions24

, or by trans gene 
insertion effects . H owever no regional differences were observed when 
using tt.e TetO-LacZ reporte making trar.sgme insertion effects the 
most likely explanation. Similarly three of the five founder lines had 
mCherry+•• cells in the hippocampus where A~ohl is not normally 
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Figure 7/ Hearing ability of Atohl-rtTA(F7) mice. ABR was performed 
on 3 month old Atohl-rtTA(F7]+"'; TetO-mCherry+" mice without 
administration of doxycycline (grey circles) and li ttermate controls that 
lacked both the rtTA and mCherry alleles (black squares). Data are 
expressed as mean :± S.E.M for an n of 3-4. There were no statistical 
differences between groups. 

expressed. This was also observed in the Atohl-eGFP transgenic line' 6 

and was likely caused by transgene insertion effects. 
Since the tetracycline-inducible system is designed to produce 

transient changes in gene expression and the half-life of LacZ is 
24-48 hours in mammalian cells25

, it is surprising that both reporters 
remained robustly expressed at 6 weeks of age when doxycycline 
treatment ended at P3. (The half-life of mCherry is unknown.) The 
Tet-On system requires the presence of both the rtT A protein and 
doxycycline for expression of TetO-driven genes. Others have 
demonstrated that endogenous Atohl is rapidly downregulated in 
the inner ear during the ftrst postnatal week4

• However expression of 
eGFP was observed in cochlear HCs at 6 weeks of age in the Atohl­
eGFP mouse26 which uses the same Atohl enhancer element to d rive 
expression of eGFP as our Atohl-rtTA transgene. Using alkaline 
phosphatase staining, we detected weak expression of the Atohl ­
rtTA trans gene in utricular HCs at 6 weeks of age, but not in cochlear 
HCs. In the Atohl-rtTA transgene, hALAP expression is controlled 
by IRES-mediated translation while rtT A expression is controlled by 
5' cap-dependent translation. Others have shown that IRES­
mediated translation is less efficient27 thus it is possible that rtT A 
is expressed in cochlear HCs when hALAP is below the level of 
detection . Another possible explanation for the persistent expression 
of the TetO-reporters is that the rtT A/doxycycline/TetO complex 
m ay be very stable and resistant to degradation. 

In support of our fmdings fo r persistent TetO-reporter expression , 
a SoxJO-rtTA allele was recently characterized in the inner ear using 
the TetO-LacZ reporter and LacZ expression was also observed at 8 
weeks of age after cessation of doxycycline treatment at P2 28

• 

Analogous to the blood-brain barrier, the blood-labyrinth barrier 
functions to protect the inner ear from substances circulating in 
the blood. Since the blood-labyrinth barrier develops in rodents dur­
ing the first two postnatal weeks29

, it is possible that a large amount of 
doxycycline entered the cochlear and vestibular systems before it was 
formed and then became trapped. In addition doxycycline is heavily 
protein bound (> 90%) 30 which could contribute to a long half-life in 
inner ear tissues and other drugs have been shown to remain in the 
inner ear for a much longer time than in serum, brain, or other 
organs" . In support of our hypothesis, doxycycline treatment admi­
nistered at P l 4 failed to induce rtTA-driven gene expression in the 
inner ear using the Rosa26-loxP-stop-loxP-rtTA-IRES-eGFP mouse 
line32

• While the Sox l 0-rtTA model showed decreased rtT A-driven 
activity when doxycycline was administered at Pl4, no effect was 
observed at P28 unless doxycycline was combined with the loop 
diuretic furosemide, which alters the properties of the blood-laby-
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rinth barrier28
• In addition others have shown that tetracycline, 

which is structurally similar to doxycycline, cannot cross the 

blood-brain barrier" . Taken together, these data suggest that doxy­

cycline has limited ability to cross the blood-labyrinth barrier and 

supports our hypothesis that the persistent expression of rtTA-dri­

ven reporter expression in Atohl-rtTA mice is caused by sequest­

ration of doxycycline in inner ear tissues. In light of our observations, 

it is uncertain whether transient gene expression occurred when 

other rtT A alleles were used in inner ear studies such as the 

Rosa26-loxP-stop-loxP-rtTA-IRES-eGFP allele32
-

34 and the Pax2-

rtTA allele35
• To determine if similar long lasting effects occur, each 

rtTA allele should be tested with a TetO-reporter line specifically in 

inner ear tissues using the same doxycycline induction paradigm 

used in experimental studies. 
It was also surprising that outer HC loss occurred in Atohl­

rtTA +••; TetO-mCherry+•• mice at P21 and 6 weeks of age. Outer 

HCs are known to be more susceptible to death than inner HCs when 

exposed to multiple types of insults including noise or ototoxic 

drugs'6-'~ 0 • However to our knowledge the death of outer HCs by 

expression of a reporter gene has not been previously reported. 

This cell death may have occurred due to a large amount of 

mCherry mRNA or protein that accumulated in the cell between 

P3 and P21 which overwhelmed the transcriptional/translational 

machinery at the detriment of genes required for outer HC survival. 

Alternatively the mCherry protein could directly induce cell death 

pathways in outer HCs. 1n addition, in the TetO-mCherry allele, 

mCherry was knocked into the endogenous Collal locus 12 and thus 

only one copy of Collal is expressed which may contribute to the 

outer HC death we observed. However no outer HC loss was 

observed in TetO-mCh erry mice without doxycycline induction at 

3 months of age as demonstrated by the normal ABR measurements 

we obtained. Thus one copy of Coil al is not toxic but the combina­

tion of one copy of Collal with mCherry expression could be. 

In conclusion, the Atohl-rtTA mouse produces rtTA activity in 

the majority ofHCs in the cochlea and utricle and in GNP cells of the 

cerebellum during neonatal ages. Therefore it is a valuable tool for 

future experiments especially when used in combination with exist­

ing Cre and CreER mouse models to modulate expression of multiple 

genes in two distinct cell types or in the same cell type at different 

times. While transient control of gene expression was not achieved 

with the Atohl-rtTA mouse model, this is likely a property of the 

inner ear's inability to remove doxycycline efficiently and has impli­

cations for other tetracycline-inducible mouse models used in inner 

ear research. Our studies also highlight potential problems with long 

term expression of the mCherry reporter in outer HCs. 

Methods 
Generation of AtoiiJ-rtTA transgenic mice. The Atohl -CreER-IRES-hPLAP-SV40-

polyA construct' was modified to replace the CreER sequence with a Tet-On 3G rtTA 

sequence (Clontech, cat# 631159). Founder lines were obtained and Southern blot 

was performed as previously described'. Briefly, Southern blot analysis used the Xbal 

restriction enzyme and a probe that recognizes the Atohl enhancer sequence. 

Genotyping primers were designed with the forward primer in the Atohl enhancer 

element and the reverse primer in the riTA sequence (5' 

TCGTCAAGGGCGTCGGTCGGC 3' and 5' CTGGCAGAGGCTCCTGGCC 3') . 

Characterization of Atolll-rtTA transgenic mice. Expression of the transgene was 

detected at PO using alkaline phosphatase staining (NBT/BCIP ready to use tablets 

(Roche cat#ll697471001)). Temporal bones were post-fixed for I hour in 4% 

paraformaldehyde, then transferred to I 0 mM PBS. After dissection, samples were 

heated at 65°C for I hour in 10 mM PBS then cooled to room temperature before the 

addition of the alkaline phosphatase staining reagent (I NBT/BCIP tablet dissolved in 

10 ml double-distilled water). The enzymatic reaction occurred at room temperature 

in the dark for 30 to 90 minutes followed by washes in PBS and mounting to slides. 

To characterize rtTA activity, we bred five founder lines with two different TetO­

reporter lines: TetO-mCherry (The jackson Laboratory, stock #14592) and TetO-IacZ 

(The jackson Laboratory, stock #262 1). TetO reporter expression was induced with 

doxycycline administered in the food (2000 mglkg, Harlan Laboratories) to the 

nursing mother from PO- P3 as well as an injection of doxycycline (100 mg/kg, 

intraperitoneal (IP), Fisher) administered to the pups at PI. Samples were collected at 

P3 and post-fixed overnight in 4% paraformaldehyde. Routine immunostaining 
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procedures" were used with the following primary antibodies: anti-Pgal (I : 500, cat 

#AB9361 Abeam) and anti-myosin VIla (I :200, cat #25-6790 Proteus BioSciences). 

All secondary antibodies were Alexa-conjugated from Invitrogen and were used.at a 

1: 1000 dilution. mCherry was directly visualized on 12 ~m brain cryosections stained 

with DAPi (I : 1000, lnvitrogeni. Images of the cochlea and utricle were taken using a 

Zeiss LSM 700 or a Leica SPS confocal microscope. Images of the brain were taken 

using a Zeiss Axioskop 2 plus with an AxioCanHRc camera. All animal work was 

performed in accordance with the guidance and approval from the Institutional 

Animal Care and Use Committee at St. jude Children's Research Hospital and 

Southern Illinois University, School of MediCine. · 

Quantification. Inner ear HCs were identified by myosin VIla labeling. In the 

cochlea, the number of Lacz••• HCs was counted in two, 200 11m regions, randomly 

chosen from each cochlear turn. Since the mCherry reporter had rp9re robust 

expression, the entire cochlea was scanned and mCherry negative HCs were counted. 

For the utricle, the number oflabeled HCs in 50 ~m X 50 11ffi squares was counted at 

nine locations spaced along the anterior/posterior axis of the .medial, striolar, and 

lateral regions as previously described". Reporter• •• cells were averaged across turns 

or utricle regions and expressed as a percentage of total HCs per organ. Then value 

throughout the paper refers to one ear per animal. 

Auditory Brainstem Response. Mice were anesthetized using Avertin (600 mg/kg, 

IP) and ABR was performed as previously described" . 

Statistical Analysis. All data are presented as mean ± S.E.M. Statistical analyses were 

performed using Graphpad Prism 6.02 (Graph pad Software Inc.). Comparison of 

labeled HCs from different groups (i.e. inner vs. outer HCs, across cochlear turns, and 

among utricle regions) and ABR threshold values across frequencies were determined 

using a two-way AN OVA followed by either Sidak's or Tukey's multiple comparisons 

test. 
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Using Cre-loxP Mouse Genetics to Target Specific Cochlear Supporting Cell Subtypes 
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, Brandon C. Cox1 

1. Department of Pharmacology, Southern Illinois University School of Medicine, Springfield, IL 62702. 

Background: When compared to our knowledge of hair cell (HC) physiology, relatively little is known 

about the differences among supporting cell (SC) subtypes and the roles each subtype plays in normal 

and pathological conditions . The known SC subtypes in the cochlea include Claudius' cells, Hensen's 

cells, Deiters' cells (DC), pillar cells (PC), inner phalangeal cells (IPhC), and cells of the greater epithelial 

ridge. Development of SC subtype-specific CreER alleles would provide important tools for the field, 

allowing gene deletion, ectopic gene expression, and fate mapping of individual subtypes . Previously 

published CreER lines that target SCs have Cre expression in multiple subtypes and some even show Cre 

expression in HCs (Cox eta!., 2012); however, these findings are based on tamoxifen induction 

paradigms (TIPs) that are quite robust. Altering the tamoxifen concentration and number of injections 

can decrease the Cre expression pattern and increase cell-type specificity. There are also several 

reporter alleles which have different expression patterns even when the same CreER line and TIP are 

used. I hypothesize that altering both the TIP and reporter allele will modify the Cre expression pattern 

in existing CreER mouse lines to become specific to certain SC subtypes. 

Methods: We will use the following CreER alleles known to have expression in SCs at neonatal ages 

(FGFR3-iCreER, Prox1-CreER, Sox2-CreER, and Plp-CreER) in combination with one of three different 

reporter alleles (CAG-eGFP, ROSA26cAG/tciTamata, or ROSA26Lacz). We will alter previously published TIPs to 

decrease both the tamoxifen concentration and/or number of injections to increase specificity. 

Results: When Plp-CreER; ROSA26CAG/tciTamata mice were injected with tamoxif~n (3mg/40g) at postnatal 

day (P)O and P1, tdTomato expression was present in 5-10% of DC and PC and 50% of IPhC (Cox et al., 

2012). By instead using a Plp-CreER; CAG-eGFP mouse and giving tamoxifen (3mg/40g) at PO only, we 

found GFP expression in approximately 2.5% of DC and 1.5% of PC while still labeling 32% of 

IPhC. Similar experiments using other reporter alleles and modified TIPs with FGFR3-iCreER, Proxl­

CreER, and Sox2-CreER lines are underway. 

Conclusions: Development of SC subtype-specific CreER mouse models would allow for fate mapping of 

individual subtypes, as well as targeting specific subtypes for gene deletion or ectopic gene expression. 

This would provide powerful tools to the hearing field to increase our knowledge of SC subtype roles 

and plasticity. More importantly, it would provide a means to exploit these differences through targeted 

gene modification. 

Funding: Supported by the Office of Naval Research (N000141310569) 
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Ablation of Different Quantities of Hair Cells in the Neonatal Mouse Cochlea to Examine 

Mechanisms of Regeneration 
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1. Department of Pharmacology, Southern Illinois University School of Medicine, Springfield, 
IL 62702. 
2. Department of Developmental Neurobiology, St. Jude Children' s Research Hospital, 
Memphis, TN 3 81 05 

Background: Pancreatic beta cells regenerate via different mechanisms depending on their 
initial amount of death (Thorel et al., 2010 Nature; Nir et al., 2007 J Clin Invest). Our lab 
recently found that neonatal mice are capable of regenerating cochlear hair cells (HCs) after 
damage. In this model where -80% ofHCs are damaged, we have evidence of two mechanisms 
of HC regeneration . Supporting cells either underwent direct transdifferentiation or mitotic 
regeneration to produce new HCs (Cox et al. , in revision). We hypothesize that HCs will 
regenerate using different mechanisms when the HC ablation model is modified to kill 50%, 
25%, or 10% of HCs. 
Methods: Atoh 1-CreER ™ is specifically expressed in HCs when tamoxifen is given at neonatal 
ages. The commonly used ROSA26Lacz reporter allele was used to measure the number of Cre+ 
HCs when different dosages of tamoxifen were given. Once we established a tamoxifen 
induction para~m that tar~ets 50%, 25%, and 10% of HCs, we used it in a similar mouse model 
(Atoh 1-CreER ; ROSA26 TA) that kills HCs by forced expression of diphtheria toxin, fragment 
A (DT A). To fate rna~ supporting cells, we introduced the Hes5-nlsLacZ allele into the Atoh 1-
CreER ™; RQSA26° A mouse since Hes5-nlsLacZ has LacZ expression in Deiters' cells, outer 
pillar cells, and inner phalangeal cells at neonatal ages (Cox et al. , in revision) and analyzed 
samples at postnatal day (P) 2. To detect mitotic regeneration, we used BrdU injections 
(50mg/kg) given between P3-P6 (2 injections per day, -6 hours apart) and analyzed samples 
24hrs after the final injection. BrdU is incorporated into DNA during S phase and therefore will 
indicate which HCs were derived by sufporting cell division. 
Results: Atoh !-CreER ™ ; ROSA26Lac mice given 3mg/40g tamoxifen at PO only had ~50% 
LacZ+ HCs whereas those given 0.1 mg/40g tamoxifen at PO only had - 10% LacZ+ HCs. Using 
this new tamoxifen induction paradigm in Atoh1-CreER ™ ; ROSA26DTA mice, both mechanisms 
of HC regeneration were detected when-50% of HCs were ablated and studies for the 10% HC 
death model are underway. Further research is in progress to obtain a tamoxifen induction 
paradigm that will target 25% ofHCs. 
Conclusion: Neonatal mice are capable of regenerating cochlear HCs using either direct 
transdifferentiation or mitotic regeneration mechanisms in vivo . Both mechanisms occur when 
-80% or - 50% of HCs are killed . 
Funding: This work was supported in part by NIH grant DC006471 (JZ) and the Office ofNaval 
Research NOOO 1413 I 0569 (BC) and NOOO I 409110 I 4 (JZ). 



Changes in the Notch Signaling Pathway during Spontaneous Hair Cell 
Regeneration in the Neonatal Mouse Cochlea 

Melissa M. Trone, Sumedha W. Karmakar, Brandon C. Cox 

Department of Pharmacology, Southern Illinois University, School Of Medicine, Springfield 
Illinois 

The Notch signaling pathway has been implicated in the developmental regulation of the 

inner ear sensory epithelium as well as in non-mammalian hair cell regeneration. During 

development, Notch signaling mediates laterai inhibition which allows some progenitor 

cells to differentiate into hair cells while neighboring cells are inhibited from a hair cell fate 

and instead become supporting cells. Many studies have shown that inhibition of Notch 

signaling allows mammalian supporting cells to convert into hair cells in the normal, 

undamaged cochlea and in the drug damaged cochlear explant. This mechanism is also 

implicated during the spontaneous hair cell regeneration process in non-mammalian 

vertebrates. However, it is currently unknown whether the Notch pathway plays a role 

during spontaneous hair cell regeneration that was recently observed in the neonatal 

mouse cochlea in vivo. In this model, hair cells were killed in vivo using Atoh1-

CreER+;Rosa26-loxP-Stop-loxP-DTA+/f mice (Atohl-DTA) and tamoxifen administration at 

postnatal day (P) 0 and Pl. This produced hair cell ablation by Cre-mediated expression of 

diphtheria toxin fragment A (DTA) specifically in hair cells. Subsequently supporting cells 

were able to either directly transdifferentiate into hair cells or mitotically regenerate hair 

cells. We investigated the Notch signaling pathway in the Atohl-DTA model as a potential 

mediator for the regenerative capacity observed with the hypothesis tbat Notch signaling is 

reduced in supporting cells of the Atohl-DTA damaged cochlea, allowing them to 

transdifferentiate and regenerate hair cells. In a gene expression array from P2 cochlear 

tissue, the expression ofJaggedl, a Notch ligand, and Heyl, a downstream Notch effector, 

were reduced in Atohl-DTA cochleae compared to control cochleae. Using the HesS­

nlsLacZ reporter mouse, we also found that the number of cells expressing HesS, another 

downstream Notch effector, was reduced in Atohl-DTA cochleae at P2 while the 

supporting cell population was maintained. Additional studies are underway using in situ 

hybridization and real time qPCR to further investigate the Notch signaling pathway in the 

Atohl-DTA model. From our preliminary data we expect to find that Notch signaling is 

reduced after hair cell damage in the neonatal mouse cochlea. 

Funding: Supported by the Office of Naval Research (N000141310569) and the National 

Center for Research Resources-Health (S 1 ORR027716). 
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